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NATIORAL ADVISORY COMMITTEE FCOR AERONAUTICS
RESEARCH MEMORANDUM

AR ANATYTICAL METHOD FOQR EVALUATING FACTORS AFFECTING APPLICATION
OF TRANSFIRATION COOLING TO GAS TURBINE BLADES

By Jack B. Esger

SUMMARY

An analytical investigation was conducted to provide a method for
determining the cooling-slr requirements for transplration-cooled tur-
bine stator and rotor blades for practically all engine and f£light
operating conditions, end the cooling-air requirements were evaluated
for typlcal cases to determine trends that would be encountered for a
wide range of varisebles. The cooling-alr requirements and blade perme-
ablilities are affected by the gas temperature level, the pressure level,
and the pressure distribution around the turbine blades. The tempera-
ture and the pressures, in turn, vary with englne end flight operating
conditions. Since the permesbilities around the blade periphery can be
specified for only one set of deslgn conditions, at off-deslgn conditions
some parts of the blade mey have to be overcooled in order that other
parts of the blade will be cooled adequately, with the result that an
excesslve amount of cooling alr wlll be requlired et off-design condi-
tions. By proper deslign procedures, however, the excess of cooling eir
required at off-design conditions can be minimized. For exemple, with a
turbine-inlet temperature of 1600° F, typical turbine stator and rotor
bledes deplgned to cool properly at sea level would require a combined
coolant flow ratlo of 0.136 at an altitude of 50,000 feet as compared
with the idesl coolant flow ratio of 0.039 (resulting in an excess of
about 250 percent) for cooling the blades to & maximum temperature of
1000° F. On the other band, if the blade had been designed to cool
properly at an altitude of 50,000 feet, the maximum excess of cooling
air required at any other sltitude would be about 60 percent. Multiple
orifices at the blade base to partly meter the cooling alr to local
chordwise positions on the blade periphery would reduce ‘the maximum
excess 1n required coolant flow to less than 10 percent. In addition to
the improved cooling performence possible with this type of blade design,
orifices at the blade base also permit the fabrication of transpiration-
cooled blades thet have & uniform permesbllity around the perlphery,
which will greatly simplify fabrication. The permesblllty range required
for all types of transplration-cooled gas-turblne blade can be cbtalned
from single thicknesses of brazed and calendered stainless-steel wire
cloth.
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The trends shown in this report cen probebly be generalized for
most engines, but because of the sensitivity of the coolant flow require-
ments to blade design, any engine design that will use transpiration-
cooled turbine blades must have blades designed with conslderation glven
to both the engine conditions and the type of f£light plan to which it
is anticipated the engine will be subJected.

INTRODUCTION

Transpiration cooling is the most effective ailr-cooling method
known at present for surfaces that must be in contact with high-
temperature gas streams; consequently, research 1s being conducted to
£ind methods of epplying this cooling process to the stator and rotor
blades of gas-turbine engines and to determine the effects of engine and
f£light operating conditions on coolant requirements. A survey of some of
the advantages end problems associated with transpiration cooling of
ges-turbine engines 1s given in reference 1, and it 1s shown therein that
high pressure gradients around the periphery of gas-turbine blades
require that the blade wall permeabllity be varied around the blade
periphery in order for uniform cooling to be obtained over the entire
blade surface. This fact is verified in experimental investigations of
transpiration-cooled turbine blades mounted in a static cascade (refer-
ences 2 and 3) where it is shown that although transpiration cooling
results in extremely effective cooling in the midchord region of the
blade, there are very large varlations in the chordwlse tempereture dis-
tribution because of improper permeebility veriation. Reference 2 also
shows that the temperature distribution changes drastically as the cool-
ing flow rate is varied, particularly in the midchord reglon on opposite
gides of the blade. The reason for this great change in temperature
distribution is & change in the relative amounts of coolant metered
through the qppoeite surfaces of the blade as the cooling supply pres-
sure is varled. For porous walls the flow from the inner surface through
the wall to the outer surface is a function of the difference of the
squares of the ebsolute pressure levels on opposite sides of the wall,

8o that small changes in pressure level can often result in very large
changes in ccolant flow rate.

Gas turbines for aircreft application must operate over a wide
renge of engine speed, flight speed, and altitude. The effect of each
of these varisbles willl be a varietion in the pressure levels, and con-
sequently the pressure distributions, around the outside of the turbine
blades. Since the permesbility of tremspiration-cooled blades must be
set to provide the proper cooling gt some specified pressure distribu-
tion, changes in altitude, flight speed, or engine speed cen often cause
the specified permeebllity to become inconsistent with the aerodynamic
pressure distribution, with the result that the dblade will not be at &
uniform temperature and excess coolant flow may be required for some
portions of the blade in order to obtain edequate cooling in the hottest
portions. : '

Lb st
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A possible method of improving the off-design coolant £low require-
ments in transpiratlion-cooled turbine bledes 1s to provide multiple
orifices at the blade base to partly meter the cooling air. Each orifice
would be used to meter alr to a particular location on the blade surface.
The adventage to be gained by use of orifices comes fram the fact that
the laws governing flow through orifices are different from those gov-
erning flow through & porous wall, and they are more consistent with the
requirements for transpiration cooling gas-turbine blades over a range
of pressure levels. The use of arifices far partly metering the cocoling
air also greetly simplifies the blade febrication. Instead of requiring
bullt-in variable wall permesbilities around the blade periphery which
will provide the proper coolant distribution, the orifices permit the
use of uniform or other specified permesbility variations that simplify
menufecture. The proper metering is then accomplished by means of the
orifices.

As shown in figure 5 of reference 4, transpiration cooling is most
valueble &t very high gas temperature levels because at those tempere -
ture conditions, no other kmown method of air cooling is practical. For
very high temperature engines, it will probably be desirable to cruilse
at a lower gas temperature level to obtain improved fuel economy. This
type of engine Introduces a problem because the higher the gas tempera-
ture level, the more coolant will be required for adequate cooling and
the more permesble the blade wall must be for a specified pressure
difference across the blade well. When the turbine-inlet temperature is
reduced while the engine 1s at cruise conditions, however, excessive
quentities of coolant will probebly be metered through the permesble
walls of transpiration-cooled turbine bledes.

An snelytical method developed at the NACA Lewis lsboratory to
determine the magnitude of coolant flow variations for transpiration-
cooled turbine stator and rotor blades as engine and flight operating
conditions are changed is presented herein. The analysis is based on
the turbulent flow equation of Friedmsn (reference 5) and the flow vari-
atlions with pressure and temperature that are obtained using typical
porous materials. In order to 1llustrate the typical trends cbtained
for changes in flight altitude, flight speed, engine compressor preesure
ratio, and turbine-inlet temperature, results of the analysls are shown
for typlcal turbine stator and rotor blades for f£light altitudes from
see level to 50,000 feet, flight Mach numbers from 0 to 1.0, engine com-
Pressor pressure ratios of 4 and 10, and turbine-inlet temperatures of
1600° and 2500° F. In addition, methods of design that would minimize
coolant flow requirements are considered. For all ceslculations, the
coolant supply pressure wes allowed to very with engine or flight condi-
tions to provide the pressure required for adequate cooling, and for
most calculations the blade wall permesbility varied around the periphery
and the coolant temperature was dependent upon the compression required
for the cooling sir. .

e
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CALCULATION FROCEDURE

In a determination of the effect of altitude and flight conditions
on transpiration cooling of gas turbine blades, the following quantitles
must be determined:

(1) The temperature and pressure levels throughout the engine
including the local statlic gas temperature. and pressure distributlons
around the stator and rotor blades for typlcel stator and rotor blade
configurations. :

(2) The ideal amount of cooling air required, which is defined as
the amount of alr required to cool the blade to an assigned unifarm tem-
perature. These calculations do not requlre a knowledge of the blade
permeability. The 1deal alr requirements are determined by the local
Reynolds nupber on the outslde blade surface, the gas temperature level,
and the cooling-air temperature level.

(3) The blade permesbility necessary to meter the ideal amount of
cooling alr for a given supply pressure and for a glven pressure dis-
tribution on the outside surfaces of the blade.

(4) The off-design blade temperatures, coolent supply pressures,
end coolant flow requirements. The blade permeability distribution
requlred to meter the ldeal smount of cooling air required for a glven
get of engine and flight operating conditions usually will not be ‘the
proper permeability distribution for any other set of engine and flight
operating conditions. Therefare, for off-design conditions, the blade
temperature distribution will no longer be uniform, higher coolent supply
pressures will probably be required, and excess cooling air will be
required. The guantity of cooling air can be evaluated in terms of the
ges flow through the engine from calculations based on the blade surface
and passage areas, the gas temperature, and the veloclty and pressure
distributions through the blade pessages.

The equations used for these various calculations are set forth in
the. following paragraphs. The statlions through the engine, indicated by
the subscripts o through 5, are shown on flgure 1. The symbols are
defined 1n appendix A. :

Temperature and Pressure Levels through Engine

The calculation of the temperature and pressure levels through the
engine 1s accomplished by stendard engine cycle analysls methods. The
equations and the explanation of thelr use are given in eppendix B.

Les2
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Ideal Cooling-Air Requirements

The local ideal coolent flow rates necessary to cbtain uniform
cooling of the blade surface can be calculasted using the turbulent flow
equation of Friedman (reference 5). The modification of this equation
for use in this report is given 1n eppendix C and the final equation
becomes ’

Infl -7+ X
Ty g"Ta
T -
0oV gy & ngBvEJBTgJB) (1)
a'a ™ 1 —n
71-3(333,5)0 (Prg)27:"> e

where pgVa, Pg,B” Vg,B’ TB,g’ Tg,B' and Tg,e are local values of flow

density, velocity, and temperature. The cooling-alr supply temperature
Ty 18 related to the supply pressure by equation (BS5) unless an after-
coolexr 1s used.

The locel cooling-air flow rate per unit area p,vy; can be cbtailned

from equation (1) and from the values of T, g (an assignéd value),
Pg,B’ vg,B’ Tg,e’ and Tg,B’ which can be calculated as explained in

appendix B.

The coolant flow ratlo, which 1s defined as the ratio of cooling-
alr flow to engine gas flow, can be calculated from

Ve Z, Pavahs

2. AL (2)
wS pg,mvg,mﬁs,m

where
PaVe obtalned from equation (1)
= .
&,
Pg,m'gm = Pg,uMgmA ’RT_'
. 8,1
Ag local blade surface area from which local cooling-air

flow pgvg 1s flowing

Pg,m> Tg,ms Mg,m mean values of static pressure, static temperature,
end Mach number, respectively, in flow ares Ag m
at any chordwise position of passage between ?
adjecent blades. Values are calculated from stream
filement theory (references 6 and 7) and by use of
equations similar to (B9), (B8), and (B7) in
eppendix B.

L
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Whether the air is metered through only the blade wall or is
metered partly through orifices and pertly through the blade wall, the
ideal coolant flow ratios are the same; therefore this method of cal-
culating the ideasl coolent flows is applicable to all methods of trans-
piration cooling. The equations used, however, are for turbulent
boundary-leyer flow, and at the blade leading edge, where the boundary-
layer flow 1s probably laminar, 1t would be more exsct to calculate the
coolent flow rates by the method given In reference 8. Beceuse the
laminar boundary layer extends over only e small portlion of the blede,
the over-all coolant flow raetes will be affected very little 1if the flow
is consldered to be turbulent over the entlire blade. For this reason,
the effects of laminar flow will be neglected in this report.

Blaede Permeablility Calculations

Blades wlithout metering orificea. - After determination is made of
the coolant flow required to cool & blade to some specified temperature

by use of eguation (1), it is possible to determine the blade permeability

required to meter that amount of flow for glven pressure levels on the

inside and the outslde of the blade. Unless a device 18 used to meter the

alr to various portlons of the blede coolant passage, the coolant supply
pressure on the inside of the blade wlll be constant around the blade
periphery. On the outslide of the blade the local static pressure varies
around the blade periphery because of variations in the ges veloclty over
the blade surfaces. The veloclty and pressure distributions over the
outside of the blade surface can be cbtalned as explalned previously.

It can be seen, then, that because of the constant coolent supply pres-
sure and the varylng pressure on the outside of the blade surfece, 1t ls
necessary that the permesbility very around the blade surface in order
to meter the coolant properly.

The relatlon used for correlating flow through & porous material is
glven in reference 3 as

2 2
Pe,B

A 2, g P g
Ha,B A\kg%) * 28R " ,BZTTa,B %6 (3)

vhere Ty p 1s the cooling-air temperature inside the blade wall end is

assumed to be the seme &s the blade wall temperature Ty g’ 88 discussed
in reference 1. ’ -

PaV
8 s is a function of

Since a, & P, and R are constants,
)

P "P )
g B . In order to correlate the permesbility of & material at a
l"'a,'.B TTa’B

L6SZ |
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standard temperature, —"-gﬁ- (pgVe) can be plotted against

2 P z-p 2 ’ 2
Ho 2:: & ﬁ-LTg B « Values of _“:O and Ho 0
Pa,B Ta,B »B Ha,B Ta,B
against Ty p in table I of reference 9. (In reference 9, the sub-

script a,B is omitted from p and T.)

ere tebulated

The permesbility of a material can be varied by changing (1) ‘the
wall thickness T, (2) the materiasl density, or (3) the fabrication
Procedure. Because the fabrication procedure has a significant effect
on permeability, the permeebllity correlations must be established
experimentally for each method of fabrication. The effect of wall thick-
ness :I.’ca: a gigen b b:!.]_'l.ty 1s correlated in the expression

B 2p
0 ° K 813 For a coolant temperature Tg, stream conditions

tha.t result in a Reynold.s nunber Rep,gs; and the blade in a gas stream
having an effective gas temperature Tg,e, 1t is first necessary to cal-

culate the coolant flow rate ln order to cool a blade to some tempera-
ture TB,g’ From this flow rate and the pressures on the inslde and the

outside of the blade, the desired blade permesbllity can be cbisined in
the followlng manners:

(1) Calculate pgv, from equation (l) using pg p from equa-
tion (B10) or (B23), Vg,n. from equation (311) or (B24),
Tg,B from equation (BBS or (B21), and the desired blade
temperature TZB, g

(2) Calculete (paVe) from step (1) and the cooling-air

a,B
viscoalty ratlo

. 2

(3) Using —i- (peVq) &nd figure 2 or a simllar curve for another

Ha,B 2m P.2-p.. o2
material, read the value of '-‘OZTO 2 TE’B
Ha,B ‘2,B

(4) Calculate T (T is a method of specifying permeebility for a
material of a specified denslity end fabricated by & specified
process) from step (3), the specified (or avaeilsble) coolant
supply pressure Dy, the local pressure on the outslde of the
'bla.ﬂzE Pg,p from equation (B9) or (B22), end the ratio

0

Ha,B ‘a,B
(Ta.,B is equal to the blade temperature TB,g)'

at temperature T, ,B from teble I of reference 9

SONPEENTITC ——
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The method outlined in step (4) was the method used in this analysis.
The permesbility curve (f£ig. 2) was cbtained from reference 10 for
20X250 mesh stainlesg-steel wire cloth that was brazed and rolled to
37-percent thickness reduction. A complete family of permeebility curves
can be cbtained by rolling to different thicknesses (which changes the
material density) or by using different wire meshes. For porous sintered
materials, families of curves can be cbtained by compacting to various
densities or by various febrication procedures. An alternative method of
determining the desired blade wall permesbillity would therefore be o
choose some wall thickness T and then to find the material with the
broper density, or with the proper fabrication procedure, from the family
of curves. In this case interpolation would probably be required to find
same intermediate density or febrication procedure other than that for
vhich data are available.

If a materiel has some specified permesbility, the process reverse
to the procedure Just outlined can be used to determine the coolant flow
rate for specified pressures or else to determine the supply pressure
Py to obtain some specified coolant flow rate.

A method frequently used foar specifying permeability for porous
materials is use of the permeability coefficient K which, based on
Darcy's law, is given by

2 2
P -P -
a B 1
'rg’ - E[zm:a,B ¥s,B (Pa."'a.):l (4)

vhere K= 1fa for pgveg = O. The permeability coefficient K specifies

the permeebility for only one material thickness T. A scmewhat more
general method of specifying permesbility is toecombine the permesbility
coefficient and the material thickness terms in a manner that actually
indicates the quantity of flow through a porous material for glven pres-
sure levels on opposite sides of the wall. In addition, the value of K
in equation (4) is specified for zero flow, where it wes necessary to
extrapolate experimentsl date and to determine the slope of a line at
zero flow. Since this method is subject to error because measurement of
very low air flows s difficult and may be inaccurate because of the
necessity for extrapoletion, the permeebility values glven herein as
/
) S 2:RTa..,B_""a.‘,B (pa.va.)

(5)
T De2-Dg o2

are for conditions that are more easily obtained, namely, for a pressure
drop through the material of 10 pounds per square inch discharging to
NACA standard sea-level conditions. Because of the varistion of K'/-r
with air flow, the values specified are not valid for any other sebt of
Pressure and temperature conditioms.

162
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The method of caleulsting K'/T is as follows:

(1) Using the value of T as explained previously and using the
standard conditions specified for the K'/T caleculations,

calculate
2 2. 2
ko To Q"a Pg,B) (1) (z556)2 - (2116)2 ]
Z T = T
a,B Ta,B
i’
(2) Reed the corresponding value of - pg¥g from figure 2.
a,

(3) For standard conditions, equals 1 and the use of other

B
J
sbtanderd valvues of temperature, pressures, and viscosity in
equation (5) glves
Kt _ (2)(53-3) (518.4) (3.77%10°7) (p, v,)

T (3556)2 - (2116)2

= 2.55 (pgVy) X 1079 feet

Blades with metering orifices at base designed for specified pres-
sure drop through wall. - For some aspplications it may be advantageous
to meter the cooling air to local positions in the coolant passage around
the blade periphery. In this way the local coolant supply pressure can
be controlled so that the pressure drops across the blade wall are more
uniform. A method of accamplishing thils metering 1s to divlide the
coolent passage into sections and then to provide an orifice of such
Bize as 1o meter the air to glve the deslred pressure drop across the
orifice, as shown 1in figure 3.

If the orifice is in the form of a flow nozzle, the coolant flow
through the orifice can be expressed as

' (p_-b)
PaVa = Cp :h% (6)

DPg, coolant supply pressure shead of orifice

where

Pa.'hB local coolant supply pressure lnside turbine blade -

hy pressure drop across orifice supplying alr to speciflied position
on blade periphery

S
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tant far each orifice m oD 4[Z8
Cy cons ar orifice m AT

Ag local blade surface area being supplied by coolent through
oriflce

A flow nozzle was chosen as the form of metering orifice for use at
the blade base because the influence of Reynolds number on the flow rate
is negligible. Equation (6) 1s almost exact for Mach numbers in the
throat of the flow nozzle up tQ 0.5, and the error is only 3 percent for
a throat Mach number of 1.0. Far supercritical pressure drops across
the flow nozzle (hg> 0.472pg), the flow equation cen be written in the
exact form (for ¢ = 1l.4)

0.484 Cg py

PaVe = :\]"j?-;

The constant Cg can be determined so that the pressure loss
through the blade wall (pa~bp) - Pg,B Will be some specified amount.
In order to calculate the blade permeability for this case exactly, the
same procedure would be used as outlined on page 7 in the section Blades

without metering orifices, except that p_- would be substituted for
D, in the calculations. a8

(6a)

Blades with metering orifices at base and designed for constant
(or specified varietion of) permeabllity around periphery. - On the
besis of fabrication, it may be desireble to design s for a uniform
Permeabllity or other specified permesbility variations that will simplify
manufacture. The calculatlions for thls cese are as follows:

(1) For an assumed value of Ty and the design value of the blade
2 2 2
T by -P

Ho ~0 a ?g,B) at &

F‘a.,BzTa.,B

location on the blade surface near the stagnation point as
outlined in steps (1), (2), and (3) in the sectlion on blade
permeebllity caleculations for trenspiration cooled blades
without metering orifices (p.7). At this location on the
blade, no metering orifice wlll be reguired.

temperature TIB,g s celeculate

(2) Using the design or specifieg. value of T for the blade and the
ko To

Ha,B “a,B
page 7, calculate the required p, from the value of

2 2 2
TR p2-p
02T0 = §£_) fram step (1) ebove.
“’E.,B a,B *

values of P8 and. as explained in step (4) on

T

.

16972
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(3) Using the value of p,; obtained in step (2) above, and equa-
tion (BS), determine whether the adsumed value of Ty was
carrect - if not, repeat the procedire as many times as
necessary.

At all other locations on the blade an orifice will be required for
metering the cooling gir. The orifice comstant Cp, which is a function
of the orifice size, can be calculated as follows:

(4) Repeat steps (1) and (2) for each other loeation on the blade,
except that the value of p, thus found will be defined as

' Pg - bp-

(5) Subtract the value of p, - hy fraom step (4) from the final

value of pg 1in step (2) to obtain by and use the value of
pgVg 8lso cbtained from step (4) to solve for the orifice

constant Cp from equation (6) or (6a), depending on the
values of hg and pgy-

The local over-all pexrmeebllities for the blade with orifices in
the base are now specified by T and the orifice constant Cg.

O0ff-Design Blade Temperatures and Coolant Flow Requirements

Blades without metering orifices. - In previous sectlons, methods
are presented for finding the cooling-air flow rate and blede permeabil-
ity required in order for the blade to be cooled to some specified tem-
perature. In the design of trenspiration-cooled turblpe blades, a set
of deslgn conditions must be chosen and the blades must then be fabrl-
cated so that they wlll cool to the specified temperature level at those
design conditions. Once the blades asre febricated, the blade permeebil-
ity 1s constant and the quantity of coolant that will flow through the
blade walls 1s determlned by the wall tempersture. and the pressure levels
on the inside and outside of the blade walls. The pressure distribution
around the outside of the blade can vary from the pressure distribution
at the design conditions. Foar blades wlthout metering orifices, how-
ever, the coolant supply pressure does not vary around the blade periph-
ery, end 1t is therefore guite likely that the coolant flow will no
longer be metered “through the porous wall in such e manner that the
entire turbine blade will be a8t & uniform temperature level. The coolant
supply pressure must be so set that the part of the blade most difficult
to cool 1s adequately cooled and this may result in overcooling of other

portions of the blade.

The compresslon required to provide the proper coolant supply pres-

sure will determine the coolant supply temperature. Since the coolant
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supply temperature has an effect in determining the coolant flow
required, which, in tuwrn, affects the coolant supply pressure, it 1s
necessery that ps and T, be obiained by iteration using equation (B5)

and the following procedm‘e
(1) For an assumed value of Tg andthemximgemi i'bé,e velye

of blade temperature T o, calculate l-‘a 'T&B_
B “8,B

for each position on the blade surface as outlined. in
steps (1), (2), and (3) (p. 7) in the section on blade per-
meebllity csleulations for blades without metering orifices.

(2) Using the design value of T and the values of Pg,B and,

7}
c_0O as explained in step (4) on page 7, caloulate the

Ha,B “&,B '

required Dy for each selected position on the blade surface.

(3) Using the meximum value of Dy obtained in step (2) ebove and
equation (BS), determine whether the assumed value of T, was

correct - if not, repeat the procedure as many times as
necessary.

After determining the velues of T, and D, for the position on

the blade that resulted in the highest value of Bpg, the local blade
temperatures at sll other positioms on the blade must be cbtained by

iteration in the following manner:
(1) Assume a value of Tg,g and remembering that Ta,B = T5,g>
2 2., _2
ko to {Pa -Pg,B
T
%,Bga,B

calculate

(2) Read % (paV¥e) from figure 2.

2
(3) calculate Tp , by use or equation (1) writ'ben in the Tollowing

(Tg,e~Ta)
form: Tg g = Tg +r 5?1_:) ' (7)

where

T

0.1 2/3

n = 71.3"(paVe) E-—VE-'-%—-) (Rep, &) " (Prg) /
&,B S;B &,B

DN LA s,

188"
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(4) If essumed and calculsted values of Tgp,g G0 not agree,
iteration is required until agreement is obtained. The effect
of Tg,g on the Reynolds number Rep,g can be neglected for
small veriations in TB,g'

After the iteration to determine Tp,g 1s camplete, the final
value of pg¥V, that was used in equation (7) can be used in equstion (2)

to calculate the coolant flow ratio required.

Blades wlith metering orifices at base. - The method of celculating
the coolant supply pressure and temperature, the blade temperature, and
the required coolant flow for the blade with metering crifices 1s com-
plicated by the fect that in addition to the lteration processes used to
£ind pg; Tgy 8nd Tp g, iteration must also be employed to find the
rressure drop across the oxriflce bhy. The method of calculation can be
divided into three parts: (1) the calculation of the coolant supply
pressure pg and the coolant temperature Tg, (2) the caleculation of
the pressure drop across the orifice by and the loeal blade tempera-
ture TB,g, and (3) the calculstion of the coolant flow ratlo wa/wg-
The method of caleculation is the same for blades designed for a specified
pressure drop through the wall or for blades designed for a specified
permesbllity variation.

The method of caleulating the coolant supply pressure p, and the
coolant temperature Tg for the portion of the blade that 1s most
difficult to cool 1s as follows:

(1) Assume & value of coolant supply pressure Dg-

(2) Calculate the coolant temperature Ty using the assumed value
of Dpg &nd equation (B5).

(3) Using the maximum permissible blade temperature Tg,g 80d the
coolant temperature T, Zfrom step (2), calculate pgvy, by
means of equation (1).

" : 2r,  (p.2-p, o2
(4) Calculate —C2— (p.vg) &nd read oo Qa &,8 ) from
Va,B He,B “a,B T
figure 2 as explained in the section on blade permesbility
calculations. Figure 2 is a curve relating the coolant flow
with the pressure drop through the porous wall; therefore for
& blade with orifices in the base the ordinate becomes

bo?To [(pa-hyz-pg,{l
T

Ha ,BzTa. »B

-
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(5) The value of (pg-hg) can be calculated using the design value
of T for a blade with orifices.

(6) Use the value of pgvg that was used in step (4) to solve
equation (6) for hg.

2
Dy % paz _ 4Ta<3ava)
hB - 5 cB (B)

(7) I£ (pg-bg) from step (5) plus by fram step (6) is not equal

to the assumed value of py in step (1), iteration is
required until agreement is obtained.

(7a) If the value of hy fram step (6) is greater than 0.472pa,
step (7) should be replaced by the following procedure: Cal-
culate pg¥y by use of equation (6a) and check with the :

value used in step (4). If the two values of pgv, &are not

equal, lteration with py a8 the sssumed varieble is
required untll agreement is reached.

The calculations outlined in steps (1) through (7a) should be made
at each selected location on the blade surface. The meximum values of
Dy and Tg will then be used for calculating the arifice pressure drops

and local blade temperatures for the rest of the blade.

The method for calculating the orifice pressure drop and the local
blade temperature at 8ll other locations on the blade surface 1s as

follows:
(1) Assume a value of pressure drop through the orifice hg.
(2) Assume & value of blade temperature Tp,g-
2 2 2
wo T (p_-h )%p m
(3) Caleulate — 22 [ a’p - 3’]3] and read T*:O_i (PaVe)

“'a.,Blea,B _ 3
from flgure 2. - :

(4) Calculste pgvy from step (3) and then calculate hy by use of

equation (8). If bp from this step 1s not equel to the
assumed value in step (1), iteration is required until agree-
ment is cobtailned.

L6S2
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(42) When hg 1s greater than 0.472p,, disregard step (4) and
instead caleulste pgVy by means of equation (68). If the

two values of p,vy; in steps (3) and (48) do not agree,

iteration with bhp as the assumed variable is required until
agreement 1s obtalned.

(5) Using the value of bhp o'bta.:l.ned by iteration and remembering
thatforglad.el_jwith cegtheordinateinﬂgure?.shauld

m
be oo | (Paip)™ :I, calculate Ty , by iteration

Ha,B Ta,B
in the same manner as on page 12 in the seotlon for
transpiration-cooled blades without metering orifices.

(6) If the calculsted value of Tp,g Irom step (5) does not agree

with the assumed value in step (2), further iteration is
required for both hy and TB,s'

The coolant flow ratic Wg/wg 1s calculated by means of equa-
tion (2) using the value &f p,v, obtained in the final iterative cal-
culation of the blade temperature TEB,g'

Assumed Conditions for Celculations

Far all calculations in this report, the pressure distributions
around the rotor and stator blades were as shown in figure 4. These
distributions were cbtained from the stream filament theory of refer-
ence 6 and by use of equations (B7), (B9), and (B13) to (B22). The dis-
tributions can be considered as typilcal for en engine compressor pres-
sure ratio of 4; however, it must be emphasized that this tuwrbine would
not be matched to the compressor for all design conditlions considered
herein. The purpose of this report 1s to lllustrate & method of ana-
lyzing trenspiration-coollng requirements and to show some typicel
trends; therefore the actual pressure distributions for each design
condition are not required. Calculstions that were made for an engine
compressor pressure ratio of 10 would indicete trends that may be obtained
for only the first stage of a turbine. As & general rule, two or three
turbine stages are required to drive a compressor with a pressure ratio
of 10.

For all calculations, 1t was assumed that the turbine stator con-
figuration was fixed and that the stator wes choked; conseqguently, the
masgs flow through the engline would vary with turbine-inlet temperature
and with compressor pressure ratio. The compressor pressure ratio was

s
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essumed invarisble with altitude and flight speed. In actual practice,
& veriation in engline speed would be required to maintain the compressor
pressure ratlo constant.

The pressure distributions shown for the rotar blade in figure 4
were calculated for a rotor speed at the méan blade span location of

e]
1055 feet per second, e stator dilscharge angle of 22%‘- from the plane of

rotetion, and a stator discharge Mach number of 1.1. No comnsideration
was given to rediel variations in pressure distribution. The different
rotor pressure distributions for the two gas temperatures result from
different stator discharge velocities for a constant Mach numbex.

The ratio of specific heats was taken as 1.4 for all calculations
as recommended in reference 1ll. The Prandtl number was assumed to have
& constant value of 0.66. Btendard NACA temperstures and pressures were
used for the celeculations at the three altitudes of sea level,

25,000 feet, and 50,000 feet. The assumed values of total pressure
recovery factor ¥ used in equation (B2) for the engine inlet diffuser
were as follows:

Flight Total
Mach Pressgure
number recovery

M factor

* —
0.5 0.98
. 8 . 965
1.0 .95 ~

For all condltions, the total-pressure drop scross the burners was assumed
to be 3 percent of the total-pressure level at the burmer inlet. The
compressor efflclency was assumed to be 0.85. The local blade tempera-
ture recovery factor A was taken as 0.89 as recommended in reference 12.

Local temperatures and coolant flow rates were celculated for four
representatlve locations on the stator blade, namely, 18.5 and 74 percent
chord on the suctlion suxrface and 20 and 81 percent chord on the pressure
surface. These locations corresponded to 0.05 and 0.20 foot from the
leading edge on both surfeces. On the rotor blade the pressure distri--
butions on opposite sldes of the blade were more uniform; therefore.cal-
culations were made for only one locatlion on each surface, namely,

51 percent chord on the suction surface (0.128 £t from leading edge) and
45 percent chord on the pressure surface (0.09 £t from leading edge).

The cooling-alr tem;pera.ture was assumed to be the temperature that would
result from the compression necessary for thé coolant supply pressure,
except for two cases where coolling-ailr aftercoolers were considered. An
infinitely variable pressure ratio was assumed for the cooling-sir
compressor.

NIy
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The varilation of flow through the porous walls as the pressures and
temperatures were varied was determined by means of the correlation plot
in figure 2, which was cbtained from actual data in reference 10.
Extrapolation of the curve (indicated by the dashed portion) was required
for & few calculations, but the majority of the calculetions were in the
range vwhere experimentel data were avallsble. This method of calcula-
tion using an experimental curve eliminated any errors due to nonlinearity
of the flow curve.

Varisbles Investigated

A series of calculations were made to determine the effects of
deslign eltitude, deslgn flight speed, and design gas temperature on the

+coolant flow requirements at off-design conditions, and to determine how

engine compressor pressure ratio, deslgn blade temperature, and after-
cooling of the cooling alr affected over-all transplration-cooling
requirements. In addition, consideration was given to the lncorporstion
of metering orifices at the blade base to partly meter the cooling air

to varlous peripheral locatlions on the blade in an effart to provide a
blade that (1) is less sensitive to off-design altitude conditions, and

(2) would be much emsier for the mamufacturer to fabricete. The conditions
for these caloulations are given in tables I and IT and are dlscussed in
the followlng paragraphs.

Effect of design altitude on off-design coolant flow and coolant
compressor pressure ratios. - - Coolant Tlow ratios and coolant compressor
pressure ratios were calculated Por altitudes of sea level, 25,000, and
50,000 feet for an engine with & compressor gressure ratio of 4 and for
turbine-inlet temperatures of 1600° and 2500° F. All calculations were
made for & maximum blade temperature of 1000° F and a flight Mach number
of 1.0 for blades without metering orifices. For a turbine-inlet tem-
perature of 1600° ¥, consideration was gilven to blades designed for each
of the three altitudes. The 1deal coolant flows and coolant pressure
ratios were calculsted for a uniform blade temperature of 1000° F at
each altitude. These 1deal conditlons comstltute design conditions.

The off-design coolant flow and coolant pressure ratio requirements were
then calculeted for altitudes from sea level to 50,000 feet for blades
designed for each of the three altitudes mentioned. For & turbine-inlet
temperature of 2500° F, similar calculations were made, except that off-
deslgn coolant flows and pressure ratlos were calculated for blades
designed for albtitudes of sea level and 50,000 feet only.

Effect of £flight Mach number on off-deslign coolant flow and coolant
campressor pressure rablos. - Calculations were made to determine the
-design coolent flow and coolant compressor pressure ratios for f£light
Mech numbers of O, 0.5, end 0.8 for transplration-cooled rotor and stator
blades desligned for a flight Mach number of 1.0, an engine wilth a

e b
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campressor pressure ratio of 4, & turbine-inlet temperature of 1600° F,
end blades without metering orifices ocpereting et e maximm tempersature
of 1000° F. The ideal coolant flow and coolant pressure ratios were
also calculated for the entire Mach number range.

Effect of design gas temperature on off-design coolant flow and
coolant campressor pressure ratios. - Celculations were mede to determine
the effects on coolant flow and coolant compressor pressure ratio that
would be obtained for transpiration-cooled rotor and stator blades with-
out metering orifices operating at two turbine-inlet temperatures, 1600°
and 2500° F. For operation at a turbine-inlet temperature of 1800° F,

a flight Mech number of 1.0, an engine compressor pressure ratlo of 4,
and & maximum blade temperature of 1000° F, the required coolant flow
and coolent pressure ratlios were calculated for altitudes of sea level,
25,000 feet, and 50,000 feet for (1) bledes designed for an altitude of
50,000 feet and a turbine-inlet temperature of 1600° F, and (2) blades
designeg. for an altitude of 50,000 feet and a turbine-inlet temperature
of 2500% F. '

Effect of blade design conditions on stator blade temperature dis-
tribution at off-design conditions. - The peripheral Dlede temperature
distributions obteined at off-design conditions were calculated and
compared for three stator blade designs wlthout metering orifices. The
comparisons were mede for the followlng engine and flight conditions:
engine compressor pressure ratio, 4; turbine-inlet temperature, 1600° F;
maximum blade temperature, 1000° F; flight Mach number, 1.0; and flight
altitudes of sea level, 25,000 feet, and 50,000 feet. The three blades
oompared were designed for the followlng conditions: (a) sea-level alti-
tude and a turbine-inlet temperature of 1600° F; (b) 50,000 feet of alti-
tude and a turbine-inlet temperature of 1600° F; and (oS 50,000 feet of
altitude and & turbine-inlet temperature of 2500° F.

Effect of metal temperature on rotor and stator coolant flow
reguirements. - The cooclant flow requirements for rotor end stator blades
without metering orifices were calculated for a maximum blade temperature
of 1000° F for most cases in this anpslytical investigation because
limited information is available for porous materials made of anything
but copper, bronzes, and stalnless steel. Stainless steel can withstand
higher temperatures then copper ar bronze, but the strength of even
stainless steel 1s low at temperatures sbove 1000° to 1100° F.

For gas turblnes that are not trenspiration cooled, the usual prac-
tice 1s to allow the stator blades to operate at & higher temperature
than the rotor blades because the rotor blade stress level 1s so much
higher. PFor all materials considered for transpilration cooling, some
method of support will probably be reguired in the rotor blades to relieve
the stresses in the porous shell. Even 1f the porous shell were mede of
wire cloth, which has strength characteristics superior to those of

PR
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sintered materials, an intermal strut would still be required to provide
the proper blade proflle and rigidity. Because of the elasticity of wire
cloth it will transfer i1ts load to any member to which it is attached
with the result that wlre cloth will also have to be supported by an
internal strut. The stresses in the porous metal will therefore be low
and the stress level in both rotor and stator blades will be of the same
order of megnitude; consequently, the maximm permissible temperature
will be approximetely the same for both blades. A differential of 100° F
is probebly ebout the maximum permissible for currently avallsble porous
meterials. Calculations were made to determine the coolant requirements
for two stator temperatures, 1000° and 1100° F, to compare with the cool-,
ant requirements for the rotor at a temperature of 1000° F. The calcu- .
lations were made for an engine compressor pressure ratic of 4, a turbine-
inlet temperature of 1600° F, a flight Mach number of 1.0, and altitudes
of sea level, 25,000 feet, and 50,000 feet. The ideal coolant flow ratios
and the required coolant flow ratios for a design altitude of 50,000 feet
were calculated.

At the present time no knowrn porous materials are avalleble that
will bave a reascmeble sirength at a metal temperature of 1500° F; how-
ever, it eppears feasible that with same development high-temperature
materisls could be made into either porous sintered campects or wire
cloth. Calculations were therefore made to determine the effect of
allowing the metal temperature to incresse from 1000° to 1500° F on the
ideal coolant flow requirements fdr rotor and stator blades for the
following engine and flight conditions: engine compressor pressure
ratio, 4; turbine-inlet temperature, 2500° F; flight Mech number, 1.0;
and altitudes of sea level, 25,000 feet, and 50,000 feet.

Effect of engine E%r_essor _Dressure ratio on coolant flow. - In
order to determine whe the coolant flow was appreciably affected by
significant changes in the engine campressor pressure ratio, calculations
were made to find the ideal and required flow rates for rotor and stator
blades wilthout metering orifices end designed for an altitude of

50,000 feet for engine compressor pressure ratios of 4 and 10. The cal-
culations were made for a f£flight Mech number of 1.0, a maximum blade
temperature of 1000° F, and turbine-inlet temperatures of 1600° and
2500° F. For an engine compressor pressure ratio of 10, the calculations
cen be considered spplicable for only the first stage of the turbine.

In actual appllication, two or three stages would prcbebly be required to
obtain the necessary turbine work to drive a compressor with this
pressure ratio.

Effect of cooling-air aftercoolers on ideal coolent flow require-
mntsTTmemmm_eEwe
often becomes so high that the cooling effectiveness is greatly dimin-
ished. Calculations were therefore made to determine the effects on
ideal coolant flow ratios of aftercooling the cooling sir. The calcula-
tlions were made for an englne compressor pressure ratio of 10, a flight

SN
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Mach number of 1.0, a turbine~inlet temperature of 2500° F, uniform
rotor and stetor blade temperatures of 1000° F, and altitudes of sea
level, 25,000 feet, and 50,000 feet. Consideration was given to the
following ceses: (1) no cooling-air aftercooling, (2) aftercooling to
limit the cooling-alr temperature to 700° F (for some altitudes the
cooling-air tempersture would be lower, but never higher), and (3) after-
cooling to limit the cooling-air temperature to 300° F.

Permesbility variations eround stator blades without metering
orifices Tor various design conditions. - Transpiration-cooled turbine
bledes without metering orifices must have the permeability verled
around the blade periphery in a specifled manmer in order to cbtain uwmi-
form cooling at the design conditions. The permesbllities were calcut-
leted in texrms of 12K'/T for a pressure drop through the blade wall of
10 pounds per square inch discharging to NACA standerd sea-level condi-
tlons. The unites of permesbility were converted from feet to inches by
use of a factor of 12 to he consimtent with other investlgators. All
calculations were mede for & maximm stetor blade temperature of 1000° F
and s flight Mach number of 1.0. The permeabilities were calculated for
the following cases:

(1) Blade designed for sea-level altitude, engine compressor pres-
sure ratio of 4, and turbine-inlet temperature of 1600° F

(2) Blade designed for 50,000 foot altitude, engine compressor
pressure ratio of 4, end turbine-inlet temperature of 1600° ¥

(3) Blade designed for 50,000 foot altitude, engine compressor pres-
sure ratio of 4, and turbine-inlet tempersture of 2500° ¥

(4) Blade designed for 50,000 foot altitude, engine compressor pres-
sure retio of 10, and turbine-inlet temperature of 2500° F

(5) Blade designed for 50,000 foot altlitude, englne compressor pres-
sure ratio of 10, and turbine-inlet temperature of 1600° F

Use of orifices at blade base for oving off-design coolant flow
requirements for blades designed for specified pressure dr ‘through
wall. - By rearrengement of equation (3) 1t cen be shown GhRG for & con-
stent temperature, in which case changes in viscosity cen be neglected,
the flow of air through & porous material of a specified thickness can

be represented by
T pAp (Pa J) | (9}
PaVa = +
a'a PE,B .

and from equation (6), the flow of air through an orifice in the form of
a flow nozzle can be represented by :

GUNMEEIETLLY
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paVa = ¥ (4/20) (10)

where Ap 1s the pressure drop ascross the orifice or porous material
and p 1is the air density on the discharge side of the orifice or porous
material.

Comparison of equations (9) emd (10) shows that changes in the pres-
sure drop and discharge alr density have a much greater effect on the
quantity of air flow through a porous material than through an orifice;
therefore partly metering cooling air to local positions on the blade
through arifices might be better than metering only through a porous
material for blades that must operate over a wide range of altitudes.
For the calculations made for blades with orifices for partly metering
the cooling alr, 1t was assumed that a number of small orifices were *
employed at the base of each blade with each orifice supplying ailr to &
separete compartment inslde the coolant passage, as 1llustrated in fig-
ure 3. These arifices were of verious sizes so that coolant supplied to
the blade base at a constant supply pressure for the whole blade would
be metered with varying pressures to the numerous locations around the
blade periphery. At the leading-edge portion of the blade, metering
orifices are probebly unnecessary. For the sea-level design condition,
the orifices were assumed of such size that the pressure drop across the
borous wall of the blade would be 2 pounds per square inch at all loca-
tions on the blade periphery. The coolant flow ratios and coolant com-
Dressor pressure ratlos were calculated at off-design altitudes for an
engine compressor pressure ratlo of 4, a f]igh't Mach number of 1.0,
turbine-inlet temperatures of 1600° and 2500° F, and & maximm blade
tempersture of 1000° F. The coolant flow ratios and coolsnt compressor
Pressure ratios for the blade with orifices in the blade base for partly
metering the cooling air were compared with results obtained for blades
designed for an altitude of 50,000 feet without metering orifices at
the blade base.

Effect of constant permesbillity around periphery of blades utilizing
orifices &t base on Off-design coolsnt F1OW &N4 COOLANT CONDTessor pres-
sure ratio requirements. - The menufacture of transpiration-cooled gas-
turbine blades can be greatly simplified if the waell permeability is
maintained constant around the blade periphery. The proper distribution
of cooling air for such a blade would be cbtained by proper choice of
the metering orifices in the blade base, in a manner similar to that
used in designing the blade for specified pressure drop through the wall."
Calculetions were made for a stator blade having a constent permesbility
12K /1' of 45X10-° inches and for a rotor blade having a constent per-
meability of 35)(10‘9 inches. The blades were designed for sea-level
altitude and off-design coolant flows, and coolent compressor pressure
retios were calculated for altitudes of 25,000 and 50,000 feet for an
engine compressor pressure ratio of 4, e flight Mach number of 1.0, a

SR
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turbine-inlet temperature of 2500° F, and & maximum blade temperature of
1000° F. The results obtalned for these blades were compared with those
obtained for the blade with orifices at the base that was designed for a
pressure drop of 2 pounds per square inch through the blade wall.

Effect of orifices at blade base ogn wall permesbilities and temper-
ature distribution. - The permeabllity variations required for
transpliretion-cooled blades utlilizing orlifices In the blade base were
calculated for a blade designed for sea-level altitude with a pressure
drop through the porous wall of 2 pounds per sguare inch. The cdlcula-
tions were made for two design turbine-inlet temperatures, 1600° and
2500° F, with an engine compressor pressure ratio of 4, a flight Mach
number of 1.0, and a design blade tempersture of 1000° F.

Rotor’ and stator blade temperature distributions were calculated for
off-design altitudes for the following three blade designs: (1) blades
designed for a pressure drop through the blade wall of 2 pounds per
squere inch for e turbine-inlet temperature of 1600° F and sea-level
altitude, (2) blades designed for a pressure drop through the wall of
2 pounds per square inch for a turbine-inlet temperature of 2500° F and
sea-level altitude, and (3) blades designed for a uniform permeability
around the blade periphery, a turbine-inlet temperature of 2500° F, and
sea-level sltitude. All three blades were designed for a flight Mach
nunber of 1.0, an engine compressor presure ratio of 4, and a blade
temperature of 1000° F. .

RESULTS AND DISCUBSION

The results of this analytical investigation to determine the effects
of a nunmber of variebles on transpiretion cooling of ges-turbine blades,
using the calculation procedure described herein, are presented in fig-
ures 5 to 17 and are discussed in the followlng sections. A summary of
the coolant flow and coolent compressor pressure ratlio requlirements for
all calculations made is given in tebles I and IT and rotor blade per-
meabilities are given in teble ITI.

Effect of Design Conditions on Coolant-Flow Requirements at
Off-Design Conditlons for Blades without Metering Orifices

Effect of design altitude. - Figure 5(a) shows the coolant flow and
coolant pressure ratlo requirements for stator and rotor blades designed
for altitudes of sea level, 25,000 feet, and 50,000 feet for a turbine-
inlet tempersture of 1600° F. The maximum blade temperature was 1000° F,
the flight Mach number was 1.0, and the engine campressor pressure ratio
was 4. The dashed lines labeled "Ideal requirements" represent the
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coolant flow and coolant pressure requirements for blades cooled to a
uniform tempersture of 1000° F. For same condltions the ideal coolant
Pressure requirements could not be indicated by the dashed lines because
the ideal curve was almost identical with curves shown for other
conditions.

In order to cool the blades to a uniform temperature, & different
Permeabllity would be necessary at each altitude. Since in actusl prac-
tice a different blade design cennot be used at each eltitude, parts of
the blade will be overcooled at off-design conditions and the cooling
alr flow will therefore be more than that ideally required. This effect
is shown for blades desligned at each of the three altitudes.

Blades deslgned for sea-level conditions must be less permesble
than blades designed for eltitude because the pressure levels ere higher.
As can be seen from equation (3), the coolant flow through a porous well
is a function of the difference of the squares of the pressures on
opposite sides of the blade wall. The ldesl coolant flow is more nearly
& function of the first power of the pressure level on the outside of
the blade. This 1is evidenced by the fact that the ideal coolant flow
ratlio 1ls not greatly affected by altitude, as shown in figure 5. As the
blades designed for sea level are taken to altitude, the coolant supply
pressure ratio must be inereased substantielly sbove the engine com-
Pressor pressure ratlo in arder to force enough coolent through the blade
wall. At 50,000 feet, the coolant compressor pressure ratio for the
stator blade shown in figure 5(a) would have to be increased from the
sea-level value of 3.97 to 10.81l. Unequal cooling of the turbine blades
around thelr periphery plus the fact that the high required coolant
supply pressure results in a high cooling-air temperature make the
coolant flow exhorbitent for bledes deslgned for sea level that are oper-
ating at 50,000 feet of altltude. For the blades shown In figure 5(a),
the comblned coolant flow ratio for the:rotor and stator blades at
50,000 feet is 0.136 as campared with the ideally required value of
0.039 for cooling the blades to s uniform temperature. The excess
coolant flow at 50,000 feet 1s sbout 250 percent.

When blades desligned for a high altitude must operate at a lower
altitude, the permeeblility is too great for most of the blade and ceuses
excess cooling-alr fiow, but the coolent supply pressure levels are
quite low.

The coolant supply pressures at lower altitudes for rotor blades
designed for high eltitudes are even lower than the idesl coolant supply
Pressures because for the ideal conditions the coolant supply pressure
was assumed to be 2 pounds per square inch higher than the pressure at
any location on the outslde surface of the blade. For bledes designed
for high altitudes, the actusl pressure difference is scmetimes less
than 2 pounds per square inch when operating at lower altitudes.
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For the stator and rotor blades in figure 5(a) designed to cool
uniformly at an altitude of 50,000 feet, the maximm excess of cooling -
alr supplied at any other altitude 18 less than 60 percent. The results
in figure 5 indicate that it is best to design transpiration-cooled
turbine blades for the highest altitude at which they will operate.

The effect of altitude on coolant flow requirements is less severe
for rotor blades than for stator blades. As discussed previously,
transpiration-cooled rotor and stator blades will probably have to oper-
ate at sbout the same metal temperature. For this condition the rotor
blade requires leass cooling than the stator blade because the total gas
temperature is lower. For instance, for the configurations investigated
in this report at a turbine-inlet total temperature of 1600° F, the
totel gas temperature relative to the rotor blades was 1334° F, and at
a turbine-inlet total temperature of 2500° F, the total gas temperature
relative to the rotor blades was 2177° F. The small effect of altitude
on the magnitude of the coolant flow of the rotor blades in figure 5(a)
1s primarily due to the vexry low coolant flow rates. For a turbine-
inlet temperature of 2500° F, as shown in figure 5(b), and higher rotor
cooling-alr requirements, the effect of altitude on the coolant flow
requirements for blades designed for sea-level operation is much greater.
However, there is less variastion in the coolant pressure requirements
for blades designed to operate at & gas temperature of 2500° F than for
blades designed for 1600° F. The blades designed for a turbine-inlet
temperature of 2500° F are made much more permeeble to take care of the
greater guantities of cooling alr required, and the more permeable
materials do not require such a wlde range of pressure varistions to
meter the flow.

Comparison of figures 5(a) and 5(b) shows that to increase the
turbine-inlet temperature from 1600° to 2500° F, or sbout 900° F sbove
current practice, for blades designed for an altitude of 50,000 feet and
operating at sea level would require an increase in conmbined coolant flow
retlio for both rotor and stator blades from 0.056 to 0.142, or about

2% times as much coolant would be required at the high temperature as at
the lower temperature.

It is shown in figure 5 that designing the blades to cool uniformly
at the highest altitude considered gives & required cooling-air pressure
for the rotor blades sufficiently low that cooling sir could be bled from
the engine compressor, which has & pressure ratio of 4. For nearly all
conditions for the stator blades, however, & boost campressor would be
requlred.

Effect of design fliiht Mach nunber. - Figure 6 shows the coolant
f£low requirements for a range of flight Mach numbers from O to 1.0 for
blades desligned to cool uniformly at a flight Mach number of 1.0. The
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ideal coolant flow requirements are also shown for the range of Mach
numbers. The effect of flight speed on coolant flow requirements is
much less than the effect of altitude and does not constitute a serious
Droblem. Except for take-off, most alrcraft operate at a relatively
constant flight speed so that if the turbine blades are designed for
operation at design f£flight speed, only a very small excess of coolant
flow will be reguired at other speeds. For take-off, slightly over

50 percent excess cooling air may be required for the stator blades, but
since this operation is only for & short periocd of time the excess
cooling-air requirement can probebly be tolerated.

As shown in table I, the coolant compressor pressure ratios required
over the range of flight Mach nmumbers vary only slightly.

Effect of deslgn gas temperature. - For some applications, an engine
capsble of operation at very high gas temperatures may be desirable in
order t6 obtaln very high power output for relatively short periods of
time. Most operation, however, will probably require cruise at a lower
ges temperature level. An example of the cooling requirements for such
a case 1s shown in figure 7 for operation at a gas temperature of 1600° F,
a flight Mach number of 1.0, an engine compressor pressure ratio of 4,
end & meximm blade temperature of 1000° F. Curves are presented showing
the cooling requirements for (1) the ideal case, (2) blades designed to
obtain uniform cooling at an altitude of 50,000 feet and a turbine-inlet
temperature of 1600° ¥, and (3) blades designed to cbtain uniform cool-
ing at an altitude of 50,000 feet and a turbine-inlet temperature of
2500° F; all the blades are cperating at & turbine-inlet tempersture of
1600° F. A design altitude of 50,000 feet was chosen for both design
ges temperatures because figure 5 showed that the 50,000 foot design
resulted in smaller excesses In cooling air than designs for other alti-
tudes. As seen in figure 7, when blades are designed for operation at
a gas tempergture of 2500° F, excessive quantities of cooling air are
used when the gas temperature is reduced to 1600° F. Fox the rotor and
stator blades at an altitude of 25,000 feet, the combined coolant flow
retio for the blades designed for a turbine-inlet temperature of 2500° F
was 0.115 when operating at a turbine-inlet temperature of 1600° F, as
compared with & value of 0.052 for blades designed for 1800° F. This
excess of air is caused by the fact that the blades designed for high
gas temperatures must be more permesble than blades designed for lower
gas temperatures. The coolant supply pressure must be almost as high at
low ges temperatures as at high gas temperatures in order thet the blade
leading edges wlll be adequately cooled (see table I); and since the
blade designed for the high gas temperature is more permeable, excessive
quantities of coolant wlll be supplied to the rest of the blade at low
gas temperatures. There 1s some reduction in coolent flow as the ges
temperature is reduced, however, as can be noted by comparing the cooling
requirements faor the 50,000 foot design in figure 5(b) with the require-
ments shown in figure 7. The same blade designs were used in both

Pigures.
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To design & blede for uniform cooling at a low gas temperature and
ther to operate 1t at & high gas temperature would probably be impracti-
cal because of the high coolant supply pressures required to meter an
adequate amount of air through the less permesble blade at high gas
temperatures. For this reason, blades designed for uniform cooling at
a gas temperature of 1600° F were not considered for operation at a gas
temperature of 2500° F in this analysis.

Effect of Design Conditions on Btator Blade Temperature Distribution
at Off-Deslgn Conditions for Blades wlthout Metering Orifilces
Stator blade temperature distributions for altitudes of sea level,

25,000 feet, and 50,000 feet are shown in figudre 8 for three blade designs

operating at & turbine-inlet temperature of 1600° F. In figure 8(a) are
shown the temperature distributions for stator blades designed to cool
uniformly at sea level. At altitudes of 25,000 and 50,000 feet, there
are temperature variations in excess of 5006 F around the blade periph-
ery. These high temperature gradients are the result of the excess
cooling air in these regions. (The cooling-air requirements are shown

in figure 5(a).)

In figure 8(b) are shown the temperature distributions for a stator
blade designed to cool uniformly at an altitude of 50,000 feet. At off-
design sltitudes the temperature gradients are less severe than for the
blade designed for uniform coollng at sea level. The maximum tempera-
ture veriation was sbout 250° F for this design. This smaller tempera-
ture variation follows from figure 5(a), which shows that considerably
more coolent ls required at off-design conditions for blades designed
for sea level than for blades designed for an altitude of 50,000 feet.
It 18 also of intexrest that for the blade deslgned for ses level the
loweet blade temperatures occur near the leading edge at off-design
conditions, but for the blade designed for an altitude of 50,000 feet
the lowest temperatures occur near the trailing edge at off-design
conditions.

In figure 8(c) are shown the temperature distributions for a stator
blade designed for an altitude of 50,000 feet and a turbine-inlet temper-
ature of 2500° F but operating at a turbine-inlet temperature of 1600° F,
for which coolant flow ratlios are shown in figure 7(a). Figures 8(b)
and 8(c) show that at all locations except the leading edge the temper-
atures of the blade designed for a turbine-inlet temperature of 2500° F
are much cooler than those of the blade designed for a turbine-~inlet
temperature of 1600° F. These temperature distributions further illus-
trate why the extess cooling air, shown in figure 7(a), is required when
& blade designed for operation at 2500° F is operated at the lower tem-
perature of 1600° F.
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So far as englne performance 1s concerned, the most important con-
sideration in transpiration cooling is the quantity of air that must be
used 1in cooling, but the high temperature gradlents that result in blades
thet requlre excess cooling alr at off-design condltions may introduce
structural difficulties in the blades due to thermal stresses. Both the
gquantity of excess cooling alr required and the temperature gredients
are therefore impartent, but the problems are so related that reduction
of excess cooling eilr automatically reduces the problems of high temper-
ature gradients.

Bvaluation of Factors Affecting Coolent Flow Requirements for Specifiec
Design Conditions for Blades wlthout Metering Orifices at Base

Effect of metal temperature on rotor and stator coolant flow
requirements. - As dlscussed previously, transplration-cooled rotor and
stator blades will probably have to operste at spproximately the same
temperature level. In figure 9 are shown comparisons of rotor and stator
blade cooling-alr requirements for the blades operating at the same tem-
perature and for the stator blade operating at a temperature 100° F

' higher than the rotor blade. In figure 9(a) are shown the ideal coolant

flow requirements to obtain wniform blade temperatures. For & turbine-
inlet temperature of 1600° F and the rotor and stetor blades cooled to

the same temperature, the stator blade requires from 2%‘- to 3 times as

much coolant a&s the rotor blade because the gas temperature level rel-
ative to the rotor is over 250° F less than it is relative to the stator,
end the cooling-eir temperature is lower for the rotar blade because &
lower cooling-air pressure 1ls required. Even when the stator tempers-
ture 1s allowed to Increase to 1100° F, the stator blade requires approx-
1mptely twice as much coolant as the rotar blade.

The actual coolant flow ratios for blades designed to cool uniformly
at an altitude of 50,000 feet are shown in figure 9(b). The trends are
the same as those shown in Pigure 9(a), except that the difference in
coolent flow requirements between the rotor and the stator blades is even
greater. For instance, at an altitude of 25,000 feet for hoth blades
cooled to the same maximum temperature, the stator blade requires a
coolant flow ratio of 0.039 as campared with 0.013 for the rotor blade.
For epgine designs where statar cooling 1s necessary, the coolant
requirements for the stator will probably always be in exceass of the
requirements for the rotor unless improvement of meterilals or design
method mekes possible a substantial difference in permissible material
temperature level between the rotor end the stator blades.

In figure 10 1s shown the substantial reduction in 1deal coolant
flow requirements that could be obtalned if tranmsplration-cooled turbine
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blades could be operated at a metal temperature of 1500° F instead of
1000° F. At a turbine-inlet temperature of 2500° F, cooling either
rotor or stator blades to a temperature of 1000° F requires almost three
times as mmch cooling eir as cooling them to a temperature of 1500° F.
As an example, at sea level the combined coolant flow ratio for the
rotor and stator blades 1s 0.102 for a blade metal temperature of 1000° F
as compared with only 0.035 for a metal temperature of 1500° ¥. This
reduction in coolant flow ratio as the permissible blade metal tempera-
ture 1s increased stresses the importance of conducting research on
porous metals made from materlals that have better strength properties
at high temperatures than those of stainless steels.

Effect of engine ¢ ess0r essure ratio on coolant flow require-
ments. - Figure 1l shows ect of compressor pressure retlo on the
coolant flow requirements of the first stage of a turbine for turbine-
inlet temperatures of 1600° and 2500° ¥. The coolant flow required for
a compressor pressure ratio of 10 1s generally higher than that required
for a pressure ratio of 4 because the added caompression raises the
cooling-alr temperature. As noted in table I, however, the cooling-eir
temperature for these calculations was not allowed to exceed 700° F.

The total cooling-air flows for the turbine of an actual engine with a
compressor pressure ratlo of 10 would probably be about double the values
shown In figure 11 hecause for such a high pressure ratlo two or three
stages would be required, and for a turbine-inlet temperature of 2500° F
all the stages would have to be cooled.

Effect of cooling-air aftercoolers on ideal coolent flow require-
ments. - With bigh compressor pressure ratios, the cooling-eir tempera-
Ture can become so high that the air is no longer effective for cooling.
This effect is lllustrated 1n figure 12, which shows the ideal cooling-
alr requirements for an engine with & compressor pressure ratlo of 10
and e turbine-inlet temperature of 2500° F. The dash-dot line shows the
ideel cooling-air requirements and the cooling-air temperature for no
aftercooling of the coolling alr. At sea level, where the ambient-alr
temperatures are conslderebly higher than at altitude, a very high coclant
flow ratio of 0.105 is required for the stator blade because the cooling-
air temperature is only 160° F less than the desired blade temperature.

At sea level, use of an aftercooler to 1limit the cooling-air temperature
to 700° F would reduce the coolant flow about 25 percent, and aftercooling
to reduce the cooling-air temperature to 300° T would reduce the cooling-
alr flow over 50 percent.

Although edvantageous, the effect of aftercooling the cooling air
was less effective for the rotor blades because the cooling-alr pressure
is considexrebly less for the rotor blede, and therefore the cooling-air
temperature is also less. If the cooling air had to be bled at the same
pressure for both the rotor and the stator blades, the rotor blade cool-.
ant flows would be higher than those shown and aftercooling for rotor
blades would be more beneficial than under the conditlions considered

herein.
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The coolant flow ratios shown in figure 12 are all 1deal values.
For actusl blade desligns the cooling-alr pressures required at off-
design conditions became higher so that aftercooling 1s even more advan-
tageous (see table I). In fact, for some conditione aftercooling is
gbsolutely necessary because wlthout afterccooling the high pressure
required far cooling results in high temperatures; the high temperatures
in turn result in a need for more cooling air and consequently higher
pressures until the polnt is reached where the cooling alr temperature
exceeds the meximum alloweble blade temperature.

No conslderation was glven to the method of aftercooling or its
effect on the over-all aircreft performence in this analysis. After-
cooling was considered here only to determine 1ts effect on transpiration-
cooling regquirements.

Blade Permedbility Requirements for Varlous Design Conditions
for Blades without Metering Orifices

In order to glve the manufacturer of permeeble materiasls an ldea of
the meterlal permeebllitles and the peripherel variation in permeeblility
required for ges-turbine blades, permeability values are glven in fig-
ure 13 for stator blades designed for five different design conditions.
The ranges of permesbility required for rotor blades for the same five
design conditions are given in teble ITII. The permesebility is pre-
sented in terms of 12K'/t for the reasons given in CALCULATION ERO-
CEDURE. The number 12 1s merely & conversion factor to change the unlts
from feet to inches because in most of the literature the permesbllity
coefficlent K is in the dimension of square inches. It must also be
emphasized that the permesbilities presented in figure 135 and in
table ITT were not calculsted for zero air flow as 1is sometimes done, but
were calculated for a pressure drop through the well of 10 pounds per
square Iinch discharging to NACA standard sea-level atmospheric condl-
+tions because this value can be more easlly measured in a laboratory.
However, the values given in figure 13 and teble ITT can be converted to
permesbilitlies calculated far zero flow by use of figure 14. The curve
presented in figure 14 was found to be valid for all FPive different
semples tested of brazed and calendered stelnless-steel wire cloth in
references 9 and 10. The dotted portion of the curve was calculated
from a single data point that was extrapolated from a permesbllity curve
in reference 9; consequently, that portion of the curve requires further
verification. Actusl data were not avallable for & pressure drop of
10 pounds per square inch for such a high permeabllity material. By use
of figures 13 and 14 and table III, the permesbility ranges that can be
expected for transpiration-cooled turbine blades can be determined for
two different types of permesbllity measurement.
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In figure 13(a) is shown the permesbllity variation required for
blades designed far sea-level altitude, an engine compressor pressure
ratio of 4, and & turbine-inlet temperature of 1600° F. This is the
blade deslign shown to require very high coolant flows and coolant supply
pressures at off-design conditions in figure 5(a) and therefore deemed
an unsatisfactory design. The reason for the high coolant supply pres-
sures 1ls obvious when 1t 1s observed that the blade permesbilities are
lower for this blade than for any of the others shown in figure 13.

For example, the blade deslign for an altitude of 50,000 feet shown in
figure 15('b$, which is the best design shown in figure 5(a), has per-
meablilities near the trailing edge nearly twice as high as those shown
for the blade designed for uniform cooling at sea level (fig. 13(a)).

The permeebillty required at the blade leading edge is approximately the
same for both blades operating in an engine with the same compressor
pressure ratlio and the same turbine-inlet temperature.

In figures 13(c) to 13(e) are shown the effects of engine compres-
sor pressure ratlo and turbine-inlet temperature on permeability require-
ments. The permeability distributlion has approximately the same trend
in all cases; only the values of the permesbility vary. Compressor
Pressure ratio has a relatively small effect on the required permeabllity,
but a turbine-inlet temperature of 2500° F requires permeabllities from
35 to 80 percent higher then those for a blade designed for a turbine-
inlet temperature of 1600° F. The higher permeabllity is necessary
because of the higher coolent flows requlred at higher gas temperatures.

The maximum renges of permeebility shown in figure 13 and table IIT
can be cobtained from single thicknesses of brazed and celendered
20X200 mesh stainless-steel wire cloth (reference 9) which has been
reduced fraom 37 to 42 percent in thickness by rolling. 8lightly less
rolling would be satlsfactory if mmltiple thicknesses of the wire cloth
were used. Previous discussions herein show that improper blade design
results in highly excesslve required coolant flow. This blade design
was Improper because the blade permeability used was 1ncorrect. Omn the
suctlon surfaces of the blades designed for cperation at a gas tempera-
ture of 1600° F and an engine compressor pressure retio of 4, the per-
meabllity lZK'/'r of the blade designed to cool uniformly at ses level
(£ig. 13(a)) was 3.5%10-9 inches and that of the blade designed to cool
uniformly at an altitude of 50,000 feet (fig. 13(b)) was 7.5X10-9 inches
at the same location (75 percent chord on the suction surface). To
obtain this difference in permeebility with 20X200 mesh calendered wire
cloth would require rolling to 41 percent reduction in thickness for the
higher permesbility and to 42 percent for the lower permesbility. There
is a very great difference in the performence of these two blades, as
can be observed in figure 5(a); yet there is only a very small differ-
ence in the amount of thickness reduction required to cbtain the nec-
esgary difference in permeability. These figures emphasize the extreme
care required in blade febrication in order to provide & permeablility
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varlsation around transpiration-cooled turbine blades without metering
orifices that will result in economical expenditures of cooling air.

Use of Orifices at Blade Base for Improving Off-Design
Coolant Flow Requirements

It is shown in figure 5 that excessive coolant flow ratios are
required at off-deslign altitudes for trensplratlion-cooled blzdes without
metering orifices. The discussion of figure 13 showed that very exact
control of permeabilities around the pexiphery of tranmspiration-ccoled
blades without metering orifices 1is reqguired. In the calculation pro-
cedure, the difference between the laws relating flow rate to pressure
drop through arifices and those reletlng 1t to pressure drop through
porous walls was found to be great, with the result that orifices might
provide a better means of metering the coollng air to transpiration-
cooled turbine blades. Consideration was therefore glven to
transpiration-cooled rotor and stator blades with orifices at the blade
bese, as illustrated in figure 3, for two types of blade design: (1)
blades designed far a specified pressure drop through the parous wall,
and (2) blades designed for a constent permeability around the periphery.
The results ocbtained fram celculations to determine the coolent flow
ratios and coolant campressor pressure ratios for such blades for a
range of altitudes are discussed in the following paragraphs.

Blades designed for specified pressure drop through wall. - In
figure 15 are shown the coolant flow requirements for blades using mul-
tiple arifices in the blade base for pertial metering of the cooling
air. The blades were designed for an altitude of see level, gas tem-
peratures of 1600° and 2500° F, and a pressure drop through the blade
wall of 2 pounds per square inch. For purposes of comparison, the best
designs for blades without metering orifices are also shown. The use of
orifices at the blade base gives required and 1deal coollng-air flows
that are almost the same for the entire altltude range for a turbline-
inlet temperature of 1600° F (fig. 15(a)). The maximum difference
between required and ideal flows occurs at 25,000 feet and is less than
10 percent for both the rotor and the stator blades. The curves repro-
duced from figure 5(a), which denote the quantity of cooling air required
for the 50,000 foot design if orifices had not been used in the blade
base, show the savings 1n cooling air obtelnable by use of multiple
orifices in the base af each blade. For stator blades designed for an
altitude of 50,000 feet, at least 50 percent more cooling 2ir is
required at altitudes of sea lével and 25,000 feet than for the blades
having orifices.

The cooling-air supply pressures are also quite low when orifices
are used for partisl metering of the cooling alr. In teble IT i1t can be

e
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seen that the required and ideal coolant compressor pressure ratlios are
the same for the rotor blade, and for the statocr blade the pressure
ratios are even smaller at 25,000 and 50,000 feet than the ideal values :
calculated for a pressure drop through the wall of 2 pounds per square .
inch. It will be noted, however, that although the engine compressor

could supply cooling ailr for the rotor blades, a boost compressor would

stlll be required for the stator blades. This is & condition similar to

that discussed in comnection with figure 5.

The coolent flows required for blades wlth orifices in the blade
base at a ges temperature of 2500° F (fig. 15(b)) are not so close to
‘the ideal as they are for blades operating at a gas temperature of
1600° F; however, there is a marked improvement over the best design
that does not utilige orifices for partisl metering of the cooling air.
The maximum excess cooling air requlred for the hlades with orifices 1s
about 14 percent for the rotor blade at en altitude of 50,000 feet.
Although this difference most likely is not serious, further improvement
could probably be cbtalned by designing the blades for a higher eltitude
rather than for sea level.

2597

Blades designed for constant permesbility axround peri « = A8
discussed previously, the manufacture of transpiration-cooled turbine N

blades 18 very greatly simplified i1f the blades can be bullt with a con-~

stant, or specified variation of, permeebility around the periphery.

The use of arifices at the blade hase for pertly metering the cooling - -
alr mekes this type of blade deslgn possible. The coolant flows required

for this design at a turbine-inlet temperature of 2500° F are compared

in figure 16 with the ldeal flows and the flows for the blade discussed

in connection with figure 15(b) that was designed for a specified pres-

sure drop through the wall. The permeebllity of the blades will be :
dlscussed later. - T LT

Except for the stator blade at an altitude of 50,000 feet, the
coolant flow requirements for the constant permeability blade are even
lower than those far the blade deslgned for a specified pressure drop
through the wall. The meximum excess In coolant flow sbove the idesal
values was about 10 percent for the blades over the entire renge of
altitude. It would be fortultous if the coolent flow for all blades
designed for constant permeabllity would always be less than the flow
for blades designéd for a specifled pressure drop through the wall. _
These results wlll depend largely upon the permeability chosen for the
constant permeability blade; in general, the permeability should be high.
This polnt will be discussed later.

Orifice slzes required. - The size of orifices required for partial
metering of the cooling air will depend upon the wall permesbility, the
blade size, and thé number of compartments into which the blade is to be
divided. As a general example of the magnitude of the orifice size, the _
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stator blades considered in this report with a perimeter of 6.20 inches
and & span of 3.75 inches for an engine compressor pressure ratioc of 4,
a flight Mach number of 1.0, & turbine-inlet tempereture of 2500° F, and
the turbine blade divided into five compartments (one at the leading
edge and two along each side) would require that the smallest orifice on
the suctlon surface near the tralling edge have a dlameter of approxi-
mately 0.100 inch. At the leading edge no orifice would be required
and the orifices in the other compartments would range up to &bout

0.150 inch in diemeter.

Effect of orifices at blade base on wall permeabilities and periph-
ersl temperature distrlbution. - The peripheral permeabllity variations
for the three stator blade designs considered in figures 15 and 16 are
shown in figure 17. The range of permedbllity variations for the rotor
blades 1s glven in table ITI. The use of orifices in the base to meter
air to local positions around the periphery of blades designed for s
constant pressure drop through the porous wall and the use of low pres-
sure drops require higher permeabllilitles than are requlired for any other
type of blade design, as l1s shown by compering figures 13 and 17. The -
range of permesblilities shown in figure 17 cen be cbtained with

20X200 mesh stainless-steel wire cloth for a range of thickness reduc-
tions from ebout 30 to 40 percent. The blade design using orifices
requires the highest permeability on the suction surface of the blede,
whereas all other designs require the lowest permeabllity on the suction
surface of the blade becsuse the pressure level on the outslide surface
of the blades 1s lowest on the suctlion surface. When e low pressure
drop through the blade wall 1s obtalned by use of arifices for partly
metering the elr, the difference in squares of the pressures on the
inside and outside of the wall 1s lower on the suctlon surface than at
any other position on the blade; therefore high permesbllity is required
in order to pass the sir flow. For ordinery blades without orifices in
the blade base, the difference in the squares of the pressures on the
inside and outside of the wall is higher on the suction surface than at
any other position, and a low permeebllity 1s therefore required to
meter the alr adequately.

As a general rule the manufacture of materlals having a relatively
high permeability 1s simpler, and the permeability ls more easlly con-
trolled than it is for the manufacture of materlals having lower per-
meabllities; however, the blades designed far & specified pressure drop
through the blade wall still require a permeability varilation around the
perlphery. This variation can be eliminsted, as previously dlscussed,
by proper cholce of the orifice sizes at the blade base. In order to
insure good cooling performance, & high permeabllity 1s required; yet
the permeebllity must not be so high that poor distribuiion is obtained
along the blade span. The permeabllitles arbitrarily chosen for the
constant permeability blades investigated herelin were somewhat higher
than the mean values of the permeabllity varilations around the blades
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designed for a constant pressure drop through the blade wall of 2 pounds
per square inch at sea level. For a turbine-inlet temperature of 2500° F,
the permesbility 12K'/T wes taken as 45X10~9 inches for the stator
blades and 35X10-9 inches for the rotor blades.

The use of orifices for partly metering the cooling alr greatly
reduces the blade temperature varaltions as well as the quantity of
cooling alr requlred at off-design altitudes. Calculations for bledes
designed for a constant pressure drop through the blade wall show that
the meximum variation in ture around the blade periphery ocours
at a gas temperature of 2500° F; the variation was 62° F for the stator
blade and 98° P for the rotor blade. The maximm temperature variation
for blades designed for a constant permeebility around the periphery was
33° F for the rotor blade. For the stator blade, the maximum veriation
was 54° F except for one case at an altitude of 50,000 feet where the
pressure surface near the leading edge dropped 350° F below the tempera-
ture level of the rest of the blade. This singular case could be car-
rected by a better cholce of permeabllities or by & slightly different
method of blade design. For the case consldered no orlfice was used at
this location because it was the blade location that hed the highest
pressure on the outside surface. Without an orifice at this location 1t

was possible to operate at lower coolant supply pressures. Because of the

flow variations that can sometimes occur with smell pressure changes -
through porous walls, however, as was demonstrated for bledes without
metering orifices, this type of design can be subject to wide temperature
variations in the portion of the blade where no metering orifice is used.
Tt may therefore be wiser to design blades to use metering orifices in
all locations of the blade, even though the coolant supply pressure
required would be somewhat higher. Since this difficulty arises at the
leading edge of the blade only, the effect on coolant flow requirements
is quite small. If large temperature gradients are considered serious,
the extre orifice and higher coolant supply pressures would be adviseble.

Generalization of Results

The results shown in figures 5 to 17 and in tables I to III are all
for the specific conditions outlined in the CALCULATTION PROCEDURE, but
practically all the trends shown can be generalized to any engline that
has turbine stator' and rotor designs that will produce pressure distri-
butions similar to those shown 1n figure 4. The method of calculation
outlined in the CALCULATION PROCEDURE should be appliceble to most
engines. The sensitivity of the coolant flow requirements to the blade
design necessitates that any engine design that will use transpiration-
cooled turbine blades have the blades designed with consideration given
to both the engine conditions and the type of flight plan to which it is
anticipated the engine will be subjected. It was found, however, that
blede designs utilizing multiple orifices at the blade base for pertly

TONP TN,
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metering the cooling air permitted operation over & wider range of flight
conditions with less expenditure of cooling air than blade designs not
using orifices. The results shown in this report indicate the type of
result that can be expected for other englnes and also indicate the gresat
adventages of bledes utilizing multiple orifices at the blade base both
from cooling and febricatlon comsiderations.

CONCLUDING REMARKS

An enalytical method has been developed for evaluating the effects
of flight speed, flight altitude, englne compressor pressure ratio, and
turbine-inlet tempersture on cooling-alr flow and cooling-eir supply
pressure requlrements for transpiration-cooled stetor and rotor turbine
blades.

Trenspiration-cooled turbine blades without metering orifices may
require excessive quentities of cooling air at off-design conditions
because of nonuniformity of the blade temperature distributions, but
proper cholce of deslgn conditions helps to reduce thils effect. For
example, - turbine stator and rotor blades designed for a sea-level alti-
tude and a turbine-inlet temperature of 1600° F would require a combined
coolant flow ratio of 0.136 at an altitude of 50,000 feet as campared
with the ideal value of 0.039 (resulting in an excess of ebout 250 per-
cent) for cooling the blades to a maximum temperature of 1000° F. On
the other bhand, if the blade had been designed for an altitude of
50,000 feet, the meximum excess required at any other altltude would be
ebout 60 percent.

For englnes that must operate over & range of gas temperatures from
1600° to 2500° F, the bledes must ususelly be designed for the higher gas
temperature, but excessive coolant flows are required at the lower tem-
perature. For the deslgn consldered, the cambined coolant flow ratio
far rotor and stator blades designed for a turbine-inlet temperature of
2500° F wae as high as 0.115 when the blades were operating at a turbine-
inlet temperature of 1B00° F, as campared with a value of 0.052 for blades
designed for 1600° F.

The use of multiple orifices a4t the blade base for partial metering
of the cooling air to local chordwlse poslitions on the blade periphery
can reduce the excess cooling air required at off-design altitude con-
ditions to a maximm of about 10 percent. At the same time the orifices
permit the fabrlicatlion of bledes with a uniform permeabllity around the
periphery, which willl greatly simplify febrilcation.

For all blede designs consldered, the engine compressor can supply
alr at sufficient pressure for cooling the rotor blades provided they
are properly deslgned, but & boost compressor is required for the stator
blades for most operating conditions.

QPR
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For high engine compressor pressure ratios (of the drder of 10 or
higher) s cooling-alr aftercoolers are desirable for most operating con-
titions, and for some conditione they are absolutely necessary.

The permeeblility range required for transpiration-cooled gas-
turbine blades can be cbtained from single thickneases of brazed end
calendered stalnless-steel wire cloth, bubt extreme care will be required
in the fabrication of blades wlthout metering orifices in order to
provide the permeebility variations around the blede perliphery that will
result in economical expenditures of cooling air.

The trends shown in this report can probably be generalized for
most engines, but the sensitivity of coolant flow requirements to blade
design necessltates that any engine design using transpiration-cocoled
turbine blades have the blades designed with comsideration given to
both the engine conditions and the type of £light plan to which it is
anticipated the engine will be subjected.

Iewis Flight Propulsion Laboratory
Natlonal Advisory Committee far Aeronautics
Cleveland, Ohio
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AFPENDIX A

SYMBOLS

The followlng symbols are used In thils report:

area, sq £t
flow coefflclent for flow nozzle
constant

specific heat at constant pressure, Btu/(1b) (°F)

indicate function of
acceleration due to gravity, :r:"l;/sec2

gas-to-surface heat-transfer coefflcient for solid surface,
Btu/(°F) (sq £t) (sec)

pressure drop through orifice, 1b/sq £t
1
permesbility coefficlent, sq £, for pgve = OfK =
permesbility coefficlent, sq £t for Dpg® - pg p° = 3556° - 21167,
12 fetd
thermal conductivity, Btu/(°F)(£t)(sec)
Mach number
PavalB B) 0.1 2/3
———4E—)(71.53) (Rep, g) 01 (Pry)
("S,BVG,B g °8 &
Prandtl mumber, cpifk
static pressure, 1b/sq £t absclute
totel pressure, 1b/sq £t ebsolute

gas comstant, £t-1b/(1b)(°F)
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ReB, g Rem%zf'azluu::fr p;iﬂ; fl:}d properties based on blade wall
»8'g,B%/&'B,g ]

Reg,B Reynolds number with £luid propertles based on ges temperature,

Pg,8'g, B/ 8 B

r ratio of velocities in boundary layer (equation (C3) or (C7))

iy static temperature, °R

il total temperature, oR .

v velocity, £t/sec

v flow volume per unit area end time, £t/sec

w weight flow rate, lb/sec

x distance from blede leading edge, £t

% flow coefficlent in equetion (3), 1/(sq £t)

B flow coefficient in equation (3), 1/£t

T ratlo of speclific heats

B stator dilscharge angle from plane of rotation, deg

)| compressor adlabatlic efficlency

A local temperature recovery factor, assumed equal to 0.89

H sbsolute viscosity, lb-sec/(sq £t)

p density, 1b/(cu £t)

T thickness, £t

P Pacp¥a/E

¥ total-pressure recovery factor (equation (B2))

Subscrilpts:

A engine alr .. - .

a

cooling air or surface through which cooling alr is passing

CORPIRRNTEA gy
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B blade (local conditions) or refers to blade wall temperature’
e effective '
ex exit

F use;i. with M +to denote £fiight Mach nmumber

g combustion gas or gas sidel

1 inlet

m mean

n flow nozzle

o] for reference tempersture of 518.4° R

r rotor

8 stator

°,1,2, gtations in engine [see fig. 1)
3,4,5

1me subscript B,g refers to a local conditlon based on the blade
wall temperature &t the surface next to the gas stream; the subscript
g;,B refers to a local condition in the gas stream Just outside the
boundary layer around the blade.

AR
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APFENDIX B

TEMPERATURE AND PRESSURE LEVELS THROUGH ENGINE

1

The equations uged for calculation of the temperature and pressure oz
levels through the engine are standard equations used for cycle anslysis o
and willl he listed without detailed explanation. _

Total pressure at engine diffuser inlet. - %
N
| Ta
Ta~1
p! =p 1+ At Mp? n (B1)
1 o] 2
Total pressure at englne diffuser outlet. -
py = Wpi-p,) + P, (B2)
Total temperature at engine diffuser outlet. - P
T.-1
A 2 .
TS = T°<l + =S5 MF) (B3)

Total temperature &t compressor discharge. - i

- TA-l -
1 TaA
P_s) -1

\Pp/
Tf = TS |1+ 5 (B4)

b -

where pé/pé is compressor pressure ratio.

Cooling-air temperature. - In the coolant system, the velocltles are
assumed low enough that the veloclty head can be neglected. With this
assumption, the coolant temperature can be calculated from
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— ra’.l -
..- ra
P
P2
T, = T} = T4 (1 + n (B5)

Totel pressure at ststor inlet. - It 1s assumed that there is a
3-percent pressure loss through the burners; therefore

p} = 0.97 DL (B6)

Velocl temperature, and pressure distributions over stator
'bla.des. - EEZ total temperature at the stator inlet Tf was an sssumed

value. The assumed value of T}, pl Ffrom equation (B6), and the

aessumptlon that the gas flow through the stator blades was choked at the
throat (M = 1.0) can be used to calculate the velocity distribution
over the stator bledes by means of the stream filament theory of refer-
ences 6 and 7. With these calculated velocitles the Mach number distri-
bution can be calculaeted from

1

MS:B )8 = T 7‘5‘—1 (87)
(VS)B s8 )

Inesmich as the gas flow through the stator blades 1s choked, which
1s the normal operating condltion for gas-turbine englines, the Mach number
distribution will remain constant. These local Mach numbers can then be
used for caelculeting local temperatures, pressures, densitles, and veloc-
icites for large ranges of stator inlet temperature and pressure using
the following equations:

TL
Tg,B,s m (ZBS)
1+ T (MG,BJB)

(B9)

PS:B:B = T
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P
B,s
8,B,8 R?S,B,B . (
Ve,B,s = Mg B s V7gRTg 58 . (B11)

In equation (BS) the ratio pgp /Pl 1s & function of Mach number
only for a constant value of rg, and since the Mach nunber dlstribution

remains constant for choked flow through the stator blades the distri-
bution of Pg,B,s/PIL also remains constant and can be plotted as shown

in figure 4(a) for a typlcal stator blade configuration.

The local effectlve gas temperature of the stator blades 1s

Tg,e,e = T4¢ 1 - (1-A)E. - — = ]} (B12)
: 4{ 1 'l-"%_l (MS:B:B)z )

Velocity, temperature, end pressure distributions over rotor
bledes. - The total temperature and pressure . of the gas relative to the
Totor blades are conslderably reduced from the values relatlve to the
stator blade because of the rotation of the rotor. The gas static tem-
perature at the stator exit and the rotor inlet is the same; therefore

T}
Ty = (B13)

1+ %i (MS:B:ex)z

where the Mach number at the stator exit Mg,s,ex is determined by the

turbine design and will be considered constant for choked flow through
the stator.

The veloclty at the stator exit is

Ve,8,ex = Mg 5,exV¥RI5 (B14)

With the use of vectors, the velocity relative to the rotor at the rotor
inlet 1s found to be )

2 2 —
vg,r,i = '\/Vr + (vg’s,ex) - zvrvg,s,ex cos B (B15)

where V,, 1s the tangential velocity of the rotor blades. -
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The Mach nu;nber rélative to the rotor at the rotor inlet is

vg'!rli

¥g,r,1 = m

The total temperature relative to the rotor at the rotor Inlet 1Is

-1 .
TS = Ts[l + I%— (Mg,r,i)z] (B17)

The total pressure relative to the rotor at the rotor inlet is cal-
culated In a manner similar to that in whlch the tobtal tempersture rela-
tive to the rotor was calculated. The statlic pressures at the stator
exit and at the rotor inlet are the same

{B16)

H
Py

Py = - (B18)
—£

I:l + LS:E ( 2 -
2 Mg,s,ex)]

The totel pressure relatlive to the rotor 1s then calculasted from the
static pressure given by equation (B18) and the rotor inlet Mach number
glven by equation (B16)

g

Tg"l
7g-l 2
oL = pg|l + —5— (Mg, 1) (B19)

. The veloclty distribution over the turbilne rotor bledes can be cal-
culated by the  stream fllament theory of references 6 and 7 similar to

the method used for stator bledes, except that the flow rate 1s determined
by the flow through the stator blades. The total temperature Té and

the total pressure pi are obtalned from equations (Bl7) and (B19),
respectively. The Mach number distribution csn be celculated from

1
MS:B:I' = . p (B20)
-1
rgsRTs_ ) 'rJg
2 2
(Vg,B,r)
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In thls report the Mach number dlstribution around the rotor blades
is assumed to remain constant for choked flow in the stator (effect of
angle of attack neglected). The local values of ges temperature, pres-
sure, density, and veloclty for large ranges of rotor-linlet temperstures
and. pressures can be calculated in a manner similsr to that used for the
stator blades:

TI

5
- 21
Te,B,r — . .. (s21)
*+ 2 (M'S,B:r)
Ps
Pg,B,r ™ (B22)

[1 ;152'_1 (“s_,B,r)zj o

P

g,B,r
8B,r  RTgz B »
S)B;r 5B, VYSE g,B,r (324)

Observation of equations (B13) to (B22) leads to & relation of the local
pressures around. the rotor blade Pg,B,r to the pressure ahead of the

stetor pj as a function of the local Mach numbers around the rotor
blade Mg,ZB , @nd as a function of the turbine-inlet total temperature
T, when the Mach number at the exit of the stator M8 8,ex is & con-
stant. The distribution of pgp r/P) cen therefore be ‘plotted as
shown in Pigure 4(b) for variocus turbine-inlet temperatures.

The local effective gas temperature at the rotor blades ls

1
v ~1
1+ _%— (MS’B:T)Z

Tg,e,r = T8¢ 1 - (1-A) L - (B25)

2597
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APPENDIX C

MODIFICATION OF TURBULENT FLOW EQUATION OF FRIEDMAN

The local ideel coplant flow retes necessary to cbtaln uniform cool-
ing of the blade surface can be calculeted from the turbulent flow equa-
tion of Friedmsn (reference 5). In the nomenclature of the present
report the equation 1is

TBLg_: Ta - r (Cl)

Tg,e"Ta. ercp+r-l

In reference 1 the values of ® and r are glven as

5 2
tre, ) 2(er®®  ogy,

ey (c2)
B = = — Cz
&, g 00296 Pz,B'g,B
and
Te.p " 2.1 (c3)
8, (Re )O.l
8,8

The effect of temperature level on the Prandtl number 1s small so
that a mean value of Prandtl number can be used for ell cases.

If the density and viscoslty in the Reynolds number are based on
blede wall temperature in order to better correlate heat-transfer data _
over a large range of EfB,g/Tg,B (see references 2 and 13), equation (C2)

takes the form

1/5 2/3
g (Reg, o) / (Pr,) / PaVe (ca)
g =
) 0.0296 pB,gvg,'.B X
where Pp g 1s the locel gas density based on wall temperasture and
J
defined as
P
B
£25 (c5)
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Equation (C4) can also be written

(Rep, g) 7 (Prg) i Pa¥a  IB,g

B,g 0. 0296 pg,ng,B TS,B

The magnltude of the Reynolds number has a very smell effect on the
velue of r (equation (C3)) because of the small exponent; therefore it
should be permissible to define }

2.11

(ReB,g)o-l

Equations (Cl), (C6), and (C7) can be combined and written as

Thg ™ (c7)

_E

g~ Ta
Tg:e - Ta, <p8;3j_’§:BTSJB)
.1 2

71.5(Rep )" (Prg) /3 8,8

Inll - r +

(1)

PeVe =
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TANCE I - SUMUNT OF COQART FLON XD COOLART COMPREARCR. PEEDOUMS BAYTO KQUIMMMENTS Fon RANGE Or MMGINC D FLIGE
CONNETICEN T0R BLATRS WINSOUY MCTERORS (RTFICES

[mlsss otherwise noted, cooling-air tespursture wis a% coolayt oomprsssor

tespersinze, otalsat

discharge
ws splisd to cosalete blade perizkery st coowtant Dremsure withont metaring, snd sxismes hleds -

Persvure ws 1000° ¥]

Flight asi engine comditiops’ Elsda fenign conditions | S4pior bimies | ROotor Hades Beswris
Altitade [Fotg | Rogine  |Sactine (Axtitese |Flgs | modtine | o/ [ prq-
(£t) |Mach | oowpeess |imlet (ft)  [Mach | indet ‘h“ o
maber | pressnta Sampar- meber | veaper- .
rakio slare ature
: {%) (o |
0 1.0 4 1000 [} 1.0 | 1s00 | ®.97 |0.ce4 | 248 |0.00
25,000 B.5L | 0L | 358 | .one
&0, 000 10.81 | 111 | 7.08 | .CmB
0. 6,000 4,08 @e [538] .1
25,000 .28 | e |2.88] 0
50,000 7.0 | 008 | 4.70] .8
5 ¢ 0, 000 a0k | W0 | BB | AT .
1 36,000 : 450 | .80 (235 | @5
B0, 000 5.58 | .8 | 5.08 | .0
‘o 50,000 2500 | 5. | ,000 {2.861 .0%%
28,000 4.00 | .083 |%.38 ]| .om
50,000 450} .000 | 258 | .09
o B0, 000 1800 | 4.8 | OB | — |—- |
25,000 . amml mo | .l i
, 000 I § 5,58 { .0 | ewee |— || Moxtmm tiads tespersiare
¥ . wad 1100% ¥ inshesd of
o [] 1 3.87 § AT | - |ameme 1000° ¥
26,000 - ; 23,000 | | A pAEs ] AT —— Tt
. # L 1 1 . - . 1 ?l ! ' N :i I ! ! I f
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. 8 40| o | ame [——
” . .
0 o 432 | 022 {2.m{ .08 ]
.8 B 401§ Ot 1240 | .008 - i
.4 8 mu.J 082 | e | e
0 0 ‘|emo Ji 0 || 1o | sso0 | ms7 ] 057 [3.08) .8 .
25,000 ] : .08 | 000 |325] .0
.| 50,000 " l 7.48:] 208 | 508 ] .0
0 - 80,000 4.18.| .0m |3.88] .000.
28,000 4.5} o0 288 | .om
.| s0,000 ] 5.58 | .07 |3s.22 | .08
1| 28,000 £8,000 .4.88.| .ops (2,78 | 088
= - ' I
: ¥ . ' isgz o
' 1 F 1 L] 1 -
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TARIE T - SOMNAEY OF COOLART FLOW AND COOLART COMPEESSOR PRESSURE BATIO REQUINEMENTS FOR RANGES OF ERGINE AMD ¥I.IOHT

CORDITICES FOR ELADES WIIHOUT METERING QRTFICES - Conoclnded

[[hlauothuvin-wl;ol, cooling-air tesperature wvas at coolant compressor discharge tesperature, coolant
was supplied to complete hlade periphery at constant pressure vithout metering, and mariwmm blade tem-
Perature vas 1000~ I|

Ylight and engina conditions Hlade dssign conditione | Btator blades | Rotor blades Reparks
Altitude | Flight [ Xngine Turbine | Altitwle | Flight | Tovbins [ p /oy |v p/oslv fr
(rt) |Mach | compressar |intet (£t) |Mach |inlet of 2 "hs o/ P2 (¥a Vg
mmbar | pressmre texper- muber | tesper-
ratio sbure abure
(o¥) (om)
0 1.0 10 1800 0 1.0 1600 9.64 |0.081" | 6.02(0.m2
£5,000 p.88 | .053 | 6,80| .2
50,000 17.20 | .100* |12.62( 026
0 50, 000 9.85 | .0s7* | 5.05| .ces | | Coolingair tempars.-
25,000 ! 10.08 | 058 | 5.95| .ceo | | ture was at coolamt
50,000 11.06 | .055 | 6.8 .c11
: | e s
tempare
25,000 J 25,000 9.85 | 080 | 8.14f 100 || s e
0 es0 | o os00 | o.8e | .oy | mms| g || 7000 T wafug te
£5,000 9.55 | .172 | 8.78| .00 | | warked with sn ;
£0, 000 9.64 | .225 | 7.72| .158 | | asterisk (*) whare
. teaperature vas
0 50,000 10.96 | .083* | 8.58| .01 | | Mmited. -
£5,000 10.69 | .006* | 8.87| .058
50,000 1.06 [ .088 | 7.10] .045
25,000 25,000 9.06 | .078 | B.66| .0LO
0 0 9.64 | .04 | 6.55 .Ce7 |\ J4eal coolant flow
25,000 25,000 9.95 | .0S5 | 6.68| .0S2 | { requirements for a
50,000 50,000 11.06 | .084 | 7.10| .039 |) cocling el tespera-
tura of 300° ¥
] 4 0 5.97 | .24 |'2.88] .11 |) Ileal coalant flow
25,000 25,000 4.28 | .8 | 3.78| .012 |} requirements for a
50,000 *50,000 5.58 | 052 [-3.22| .05 |) danign hlsde tempera-
L - tare of 15000 ¥
1 instead of 1000° ¥
L e g S
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ALTTTUDES FOR BLATES WITH METERTRG ORIFICES AT BAGE

|_Coolius-a.1.r tupe:mtm was at coolent compressor discharge temperature, snd meximum

‘bladntml:uremlooo"rj

Flight and engine comliticns Bleds design conditions | Btetar blades| Botor hlades Remarka
Altitude | Flight | Bngine Turbine | Altitude | Flight | Tuxrbios D,/?}
(ft) |Mach | compressor | inlet (ft) |Mach |dinlet
: mimbher | prasgsurs tenpex- mmber | texper-
ratlo abure abure
(oF) (oF)
) 1.0 'l 1800 ] 1.0 1600 5.86 2.45 | 0.009
25,000 5.835 2.58 | .o|] -
50,000 4.28 5.02 | .011|| Rlades designed for
Dressure through
0 2500 2500 3.086 2.86 | .085(( wall of 2 1b/aq 1n.
25,000 5.89 2.78 | 0Ll
50,000 4.1 s.22 | .0s0
0 3.80 2.60| .035| Btator blades demigned
25,000 3.8 2.85 | .058| for a constent permoa-
50,000 5.93 2.86 | o3| bility 12K'/r of
45%10% inch ana rotor
hlsdes for a permeability
| of 5509 inch
1
0 1500 ) 1500 2.45 | .00
26,000 25,000 2.58 | -OM || 7geal coolant flov and
50, 000 50,000 ’ 5.@ | 000} | ootant ci-?sm
0 2500 0 2500 2.66 | .085 | [Fooeor e U0 Teguire-
25,000 ‘ £5,000 2.78 | .056
50,000 J 50,000 5.22 | .045
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TABLE IIT - FERMEABILTTY RANGES REQUIRED FOR ROT(R BLADES F(R VARIOUS DESIGN CCADITIONS

[Maximm blede tempersture 1000 ¥ and flight Mach mmber of 1.0;
Permeabllities calculated for prespure drop through wall of
10 1b/eq in. discharging to NACA standard sea-level atmosphere]

Range of permabuitieg
arcund blede peripharyl

Remarks

Altitude | Engine Turbine 12K! {1‘
(£t) compressar | inlet (in.
Prespure temper-
ratlio ature
{ OF)
= .
0 4 1600 |5.07 to 5.19x10™°
50,000 4 1600 | 8.40 to 10.200a.0-9 :
50,000 4 2500 |16.45 to 19.24x1079 anspiration-cocled blades without orifices
50,000 10 2500 |15.85 to 18.05x10~2 at base
50,000 10 1600 | 6.64 to 9.20x107¥
Transpiration-cooled blades with orifices at
0 4 1800 | 14.10 to 17.95)a0'g . base for partially metering cooling air and
0 4 2500 | 31.80 to 39.80X10™ designed for 2 1b/sq in. pressure drop
9 Constant permesbility blade with metering
0 4 2500 35x10™ orifices at base for partially metering
cooling alr

lﬂismgednesmtmcludeamuamdimcﬂyatthebladﬂleamgdgeihm, for bladss without
metering orifices at the base, permeabilities 50 to 100 percent higher than those specified in this
table would be desirsble.

R

TODESE R VOVH

18




52

W

L Burners
I

CONRRBINBLAL,

~ (=
45

[4]
Staticn

NACA RM E52G01

Figure 1. - Statlions through engine used in anslysis.
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Figure 2. - Permeebility curve used for
transpiration-cooling analysis. Dsata
obtainad from reference 10.
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Turbine-inlet
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- —— 1800
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Blade cherd, percent

80 100

(b) Rotor blade.

(a) Stator blade.
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18— T T 1 T
\W Sea-level design
/ | ——— 25,000 foot alti-
tude design 1
~—=e=— 50,000 foot alti-
a | tuds design
= ———= Ideal requirements’
= pal /
p.d / '/ /
. - “/r
4 s - ',/
Ideal and 50,000\ —
foot design ﬁl"’-" =
0 | !
A2
9
»
¥ 7
-o‘ // o — /
% —----il(—-"’\'q ]
) — e ::- —/
1 | |
0 25,000 - 50,000 ' O 25,000 50,000
Altitude, £t
Btator blades : - Rotor dlades

(a) Turbine-inlet temperature, 1800° F.

Figure 5. - Effect of deslign altitude on coolant flow and coolsnt
conpressor pressure ratio requirements at other altitudes. ¥aximm
blade temperature, 1000° Fj £light Mach number, 1.0} engine com-
Pressor presswre retio, 4.
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NACA RM ES52G01 ~SONEERR

Yo/vg

12 - T 1 1

— Sea-level dmsign

—e==—-—— 50,000 foot alti-
tude dssign

— e Idsal requiremsnts

5 L

4 = :
Ideal and sea- "] —_—
level design =TT —
o | 1
.20

} /

.12 /(
nal /
N = 7
”
Sy SN S | /
] 577
0b _’, e e —
l L
0 25,000 50,000 O 25,000 50,000
Altitude, Tt
Stator blades Rotor blades

(b) Turbine-inlet temperature, 2500° F.

Figure 5. - Concluded., Effect of design altitude on coolant flow and
coolant compressor pressure ratlio requiremsnts et other altitudes.
Maximum blade temperature, 1000° ¥; £light Mach mmber, 1.0; engine
compressor pressure ratio, 4.
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CONBLTIEN kv KACA RM ES52G01
.08 | T — y
Blades designed
for Mach num-
B - ber of 1.0 .
: =— == — — 1Ideal require-
bw ments
2 el
D G, G S S E— IE-7
RSSO D ———————
4] .2 .4 .6 .8

1.0 o .2 4 .8
Flight Mach number
Stator blades .

.8 1.0

Rotor blades

Figure 6. - Effect of design £light Mach number on coolant flow
requirements at other Mach mumbers. Maximum dlede temperature,

1000° F; altitude, sea-level; engine compressor pressure ratio,
4; turbine-inlet temperature, 1600° F.

r T T L E— |
Blede designed for turblne-
inlet temperature of 1800° F
.08 =~ = = Blade designed for turbine- -
inlet temperature of 2500° F
— ——— = = =— Idesal requirements
) —_. ————
— .
' \ i ~~
-0‘ R ——
» \
——}__-i———p—"'"-_‘
e — TSNS I A———
N 1=1=
o 25,000 50,000 O 25,000 50,000
Altitude, £t

Stator blades Rotor blades

Figure 7. - Effect of design ges temperature on coolant flow require-
ments for blades operating at turbine-inlet temperature of 1600° F.
Maximum blaede temperature, 1000° F; flight Mach mumber, 1.03 engine

compressor pressure ratio, 43 blades designed for altitude of
50,000 feet.
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NACA RM E52G01

1200

Blade tempersture, OF
g

\
,‘.
/

(a) Blade designed for sea-level altitude and turblne-
inlet temperature of 1600°.F.

N, FY S P A

—— —
— | Altitude
Sea-level —
————— 25,000 feet
— — = — 50,000 feet
‘00 L L | 1
(b) Blade designed for altitude of 50,000 feet and turbine-
inlet temperature of 1800° F.
1200
$\ 7
~ rd
800 . \\‘\ > '4/ /
\ > - — -
.\ e =+ ~
po
-,__Jﬁ._’ — o ]
400 §
Leading 20 40 60 80 Trailling 80 60 40 20 Leading
edge edge edge

Blade chord, percent

Sucetion surface Pressure surface

(c) Blade designed for altitude of 50,000 feet and turbine-
inlet temperature of 2500° F.

Figure 8. - Effect of blade design on off-design temperature

distributions for stator blades without metering orifices.
Flight Mach mumber, 1.0; engine compressor pressure ratlo,
43 turbdine-inlet temperature, 1600° F.
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Rotor blade, meximum temperature of 1ooo°°1?
— — Btator blade, meximm temperature of 1100" F
— — — gtator blade, maximm temperature of 1000° F

T B

I — - —\ X ~
B == —
P
1 |
0 25,000 50,000 O 25,000 50,000
Altitude, £t

(a) Ideal coolant flow require- (b) Coolant flow reguirements
ments for uniform blade temp- for blades designed for alti-
ersture. tude of 50,000 feet.

Figu:r'e 9. - Comparison of rotor and stator blede coolent flow requirements
for two stator blade temperatures. Maximm rotor blade tempersture,

1000° F 3 flight Mech number, 1.0; engine compressor pressure ratio, 4;
turbine-inlet temperature, 1600° F. .

Blade temp-
.08 erature
©n
1000 -
—_— - 1500
%’ .04 =]
¥ A=
] L
0 : 25,000 50,000 © 25,000 50,000
Altitude, £t

Stator blades Rotor blades

Fgure 10. - Effect of blade metal temperature on ideal coolent flow
requirements. Turbine-inlet temperature, 2500° F; flight Mach
mumber, 1.0; engine compressor pressure ratlo, 4.
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NACA RM E52G01 SO, T, 61
i I L 1 L I
Coolant  Engine compressor
- flow pressure ratio

—  Required
——=———  Hequired
—===— JIdeal
- ————  Tdeal

~BbE e

~---_—--_'—'_-L

et E e Tk i el
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} . e S T T B;h'
0 | |
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e e o e e o .

Yo/ ¥
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.04 T __.aF‘-_ Py

. e ] o - =

| l
0 25,000 50,000 O 25,000 50,000
. Altitude, £t :
Stator blades Rotor blades

(b) Turbine-inlet temperature, 2500° F.

Figure 11. - Effect of engine compressor pressure ratio on cooia.nt
flow requirements. Maximm blade temperature, 1000° Fj flight
Mach number, 1.0; blades designed for altitude of 50,000 feet.
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1000 T T Y r r '
Aftercooling, cooling-alr
temperature limit, 300° F
== o= = =— Aftercooling, coollng-alr
temperature limit, 700° P
\ _— * No aftercooling
800 AN
\
N
& N \
- 600 -~ \\
. 4
\\
\\
400
200 | — 1
.12
\
N .
,08’__ _\_ — //
hw ]
? /
_———"/ -
.04 — -
/
l 1
0 25,000 850,000 0 — 25,000 50,000
Altitude, £t
Btator blades Rotor blades

Figure .'LZ. - Effect of aftercoolers on ideal cooling-elr requirements.
Uniform blade temperature, 1000° F; 5 Tlight Mach number, l.0; engine
compressor pressure ratio, 10; turbine-inlet temperature, 2500° F.
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20pa0=2
\ -
~N ~
10 < //
\ 1/
\\-_/
8 o
- (a) Blade designed for ses-level altitude, engine compressor
g pressure ratio of 4, and turbine-inlet temperature of
tﬁ 1600° F.

I.eg.dingzo 40 60 80 Trailing 80 60 40 20 Leading
edge edge edge

Blade chord, percent

Buction surface Pressure surfece

(b) Blade designed for 50,000 feet of altitude, engine com-
Pressor pressure ratio of 4, and turbine-inlét tempera-
ture of 1600° F.

Flgure 13. - Permesbility variations around stator bleades without
metering orifices for various design conditions. Maximm blade
‘temperature, 1000° F; flight Mach number, 1.0. Permeabillities
ecalculated for pressure drop through wall of 10 pounds per
squere inch discharging to NACA standerd sea-level condltions.
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20y30=2

h S

[ mpnnnmnes=" z “\

10 s

(¢) Hade designed for 50,000 feet of altitude, engine com-
DPressor pressure ratlo of 4, and turblne-inlet tempera-
ture of 2500° F.

204
~ 7
/
- P
e
\ /
10
- (d) Blade Gesigned for 50,000 feet of altitude, engine com-
-~ pressor pressure retio of 10, and turbine-inlet tempera~
§ ture of 2500° F.
20x1.0-2 .
K
N . ,‘
10 N z
S~
ol Iij

Leading 20 40 60 80 Trailing 80 60 40 20 Leading
edge edge . : edge

’ Blade chord, percent

Suction surface Pressure surface

(e) Rlede designed for 50,000 feet of altitude, engine com-
presscr pressure ratio of 10, and turbine-inlet tempera-
ture of 1600° F,

. Figure 13. - Concluded. Permeasbility varietions around stator blades
without metering orifices for various design conditicns. Maximum
blede tempersture, 1000° F; £light Mach mumber, 1.0. Permeabilities
calculated for pressure drop through wall of 10 pounds per square
inch diecherging to NACA standard sea~level conditions.
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) 12x'/T, in.
(for p,2-pg,po=(55562-2116%), 1vi/rtd)
\\

8

/
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12K/T, 1n. (for pgv, = 0)

Figure 1l4. - Curve for conversion of permeabllities calculsted for zero
flow and permeshllitiss calculated for pressurse drop through wall of
10 powmds per square inch dlscharging to HACA standard sea-level atmos-
phere. Data obtained for brazed and calendered stainless-steel wire
mnashes In references 9 and 10.
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T T 1 1 1 I ] ]
Blades with metering arifices at base designed
for sea-level altitude and constant pressure
drop through wall of 2 1b/sq in. 1
=—— — ——DBlades without metering orifices designed far
altitude of 50,000 £t
————— Ideal coolant flow requirements '
'o‘ p= - e—
— ]
o I I
g -T- .
? . — e -
0 | |
() Turbipe-inlet temperature of 1600° F.
»12 : !
. -—]
LY | ] - -
g “T--1"-
3 .
h \r -, ‘ -
—’)5
04 S — = g I Xt -
| I

(o) 25,000 50,000 O 25,000 50,000
Altitude, ft
Stator blades Rotor blades

(b) Turbine-inlet temperature of 2500° F.

Figure 15. - Effect of orifices for metering coolant flow to local
positions around blade periphery on coolent flow requirements for
two turbine-inlet temperatures. Maximum blade temperature, 1000° F;
£light Mach nmumber, 1.0; engine compressor pressure ratio, 4.

PR

l:h“ 1

LIV | e

"yl



~R N A
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— Blades desigoed for sea-level sltitude
and constent permeability around
blade perliphery

—_— e —eee Aladea Aegfoned for aan-~level altituds
Bladea degioned Tor gas-ipovel altl

and consbant pressure drop throuél‘r-
well of 2 1b/sq in.
— === —— Jdeal coolant fiow requirements

-
=]
| |
0 25,000 50,000 O 25,000 50,000
Altitude, Pt T@?
Stator blades Rotor blades

Figure 16. - Comparieon of coolant flow requirements for two types of
transpiration cooled blade with orifices at blade base. Turbine-
inlet temperature, 2500° F; maximm blade temperature, 1000° F;
flight Mach mmber, 1.0; engine compressgor pressure ratio, 4.
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12K'/T, in.

“CONFIDENMM, NACA RM ES2GOL

T@%? | I ! l I

Design _combustors

Twrbine-inlet Pressure drop
temperature through wall
“or)

(1b/sq in.)
———— 2500 2
60)36=2 ——— = — 1600 2
—_— - — 2500 Variable (constant
. permeability)
50 2 S,

,‘/ \\

7 \

s N

‘ﬂ’——_-—~ = -l \
. S
/"/ = "
/ - N
20 "o
II \‘
I ~\
Ty

10
Leading 20 40 60 80 Trailing 80 60 40 20 Leading

edge . edge , edge
Blade chord, percent

Suction surface Pressure surface

Figure 17. - Permeability veriestions eround three stator blade
designs utilizing metering orifices at blade base. Blades
designed for sea-level altitude, blade temperature of 1000° P,
engine compressor pressure ratio of 4, and flight Mach number
of 1.0. Permeabilities calculated for pressure drop through

wall of 10 pounds per square inch discharging to NACA standard
sea-level conditions.
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